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CHAPTER 1
INTRODUCTION
Overview

In the last three decades, the U.S. Air Force has
spent nearly nine billion dollars on its engine inventory.
This inventory, if replaced today, would cost
approximately fourteen billion dollars (based on 1979
dollars). The value of this inventory alone, if the Air
Force was a for-profit organization, would place it
fourth on Fortune magazine's list of the top 500
companies (15).

During this same period, the United States and its
NATO allies have had a numerical and technological
advantage over the Warsaw Pact. Today, however, it is
acknowledged that the Warsaw Pact nations hold a numerical
advantage in land and air forces and any remaining
technological lead is considered small (26:40). Given
this growing disadvantage, and recognizing that aircraft
engines must be available in adequate numbers in order to
meet requirements, it is easy to see why such a valuable
inventory must be managed closely.

Air Force maintenance is a three tiered system.
At base level are two tiers. The first tier,

organizational maintenance, deals with the day-to-day

e e a4 A Aot ifa e % e e e o m e el e Al A s



activities of the flightline. This function performs
maintenance activities such as, tire changes, filter

changes, drawing SOAP (Spectrographic Oil Analysis Program)

3 a:l %y l" c" N .

samples, and pre- and post-flight inspections. These types
of activities are commonly referred to as on-aircraft or

organizational maintenance. The other tier at base level

v Pl
fr teet ot

is called intermediate maintenance. This function deals

L am e o

with those actions which require a specialist and are per-
formed most often in a shop rather than directly on an

aircraft.

——— rT-—Y-‘, o

The third tier of Air Force maintenance occurs at
Air Logistic Centers (ALCs) or depots. These depots are
responsible for time-phase overhauls, major repairs, and
modifications to reparable assets. Aircraft, engines, and
various types of electronic equipment are examples of
these assets,

Engine maintenance can take two forms, scheduled
or unscheduled, Scheduled maintenance occurs when a
certain operating time limit is reached. Once this time is
passed, or as soon afterward as practicable, the engine is
removed and shipped to a depot were an overhaul is
accomplished. Once the overhaul has been completed the
engine's clock is set to zero and it is considered to be
"new." Unscheduled maintenance occurs when a discrepancy
is noted in an engine. An attempt is made to correct that

discrepancy while the engine is installed in the aircraft.
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If the nature of the problem precludes repair, the engine
is removed and an attempt is made to repair it at base
level, If repair is impossible or infeasible, the engine
is sent to a depot where the engine is repaired or
rebuilt (12; 13),

Engines are "life of type" purchases, The entire
stock is bought just prior to or during aircraft purchase.
No engines are purchased after the initial buy. A
defective engine, therefore, is repaired and an old engine
is overhauled (15; 27:p.9-1; 12; 13).

While the initial purchase is important, the
greatest impact on operations occurs during system life.
An underbuy will result in an unacceptable number of
aircraft being "not mission capable supply" (NMCS) for
engines., An overbuy will result in enormous amounts of
money being channeled into unneeded, expensive excess
inventory (15; 27:p.1=1).

Money spent on the procurement and maintenance
of an engine inventory cannot be spent on some other
facet of operations. Every purchase made has an
opportunity cost (the net economic benefit that would have
been derived from the next best alternative course of
action) associated with it (22:567). For this reason
alone, decisions which impact engine management must be
studied carefully.

Each engine type is monitored by an item manager
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and assigned to specific ALCs for depot level maintenance
(13). In addition to being viewed as an end item, an
engine also is considered a line replaceable unit (LRU)
while it is installed (20:393). Because of this, spares
are locally authorized to support removal and replacement
actions (20:393),

The foregoing description establishes the engine
management system as a multi-item, multi-echelon
production and inventory system. A multi-echelon
inventory system is one which has stbcks of items at
different warehouses were the warehouses have a supplier-
user relationship (10:5). In the engine system, the tiers
at the base and depot are the major echelons., The depot
acts as a supplier and the base as a user (25:2).

Multi-echelon inventory systems tend to be
unstable (11:145; 5:33), Inventory levels will be stable
when demand is stable. But they will fluctuate when
demand fluctuates, and inventory will vary more than
demand. These inventory oscillations will be aggravated
by the presence of additional levels, regional warehouses
for example, between the source of the inventory and the
demand (11:145; 5:33).

Forrester did extensive work with multi-echelon
production and inventory systems. He showed that
oscillations in inventory levels are a characteristic of

the system structure., He fvrrther demonstrated that a

A i N e e A T




reduction in pipeline times, the amount of time an
inventory is in transit, tends to reduce these oscillations
(11:145; 5:33), This research will focus on the effects

of changes in pipeline time on the availability of engines
at base level.

Problem Statement

Air Force engine management has two goals: The
first is the supply of serviceable engines to users at
base level during peace time. The second, and most
important, is the supply of serviceable engines to units
participating in combat operations.

A need exists to study the effects of changes in
the repair pipeline, the time required to repair an engine,
on the engine management system. This thesis will present
a simulation model which serves this purpose,

Justification for Research

Air Force Logistics Command employs many models,
Among these are ORLA, Optimum Repair Level Analysis,
METRIC, Multi-Echelon Technique for Recoverable Item
Control, and MOD-METRIC, a modified version of METRIC.
ORLA is a study done by a contractor as part of the
system/equipment engineering analysis process. It provides
a basis on which to evolve an optimum approach to repair
or discard recommendations (20:497). MOD=-METRIC is a model
which deals with minimizing the total expected level of

backorders for a higher indentured assembly, subject to an
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investment constraint (20:459). Both of these models are
based on only one facet of the engine management system.

ORLA deals with repair or discard decisions. MOD-METRIC

deals with inventory.

This thesis will present a system dynamics model
of the engine management system. The model is developed
to consider repair processes, ordering and resupply,
transportation delays, quality, and the information
structure of the system. As developed, the model has
four characteristics., They are:

1. The model is active and dynamic. The former
characteristic deals with the repair and replacement of
assets. The latter is concerned with the time dependent
behavior of the system. Since as engines are used over
time they become unserviceable and require repair and
replacement, this is consistent with the engine system.

2, It is flexible enough to accomodate the
complex interactions of a multi-item, multi-echelon system.
Again this is consistent with engine management because it
is a multi-item, multi-echelon system.

3. It is able to identify the length of time
the system is in an unacceptable condition. This is to
allow for the study of changes in the system which might
adversely affect the systems' operation.

4. The model contains expected system failure

times as underlying parameters. Most components have a

e e
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distinctive failure interval. 3By incorporating these into

the model more realistic results can be expected
; (3:170-174).
: Clark (1:59-62) has pointed out the need for

such a model to aid logistics managers in the analysis of
g resource system goals. Too often managers tend to be
narrow in their view of a system and the manner in which it
operates., This "tunnel vision" occurs because managers
tend to focus on their own area of concern and do not
consider the impact their decisions might have on other
areas of the system (25:4).

Any system which relies upon the interaction of

all its component parts to function correctly can be called

a complex system (17:1; 6:p.1-1). Such complex systems
can best be studied by use of computer simulation
(21:10-11), TUtilizing simulation techniques to study
real world systems has several advantages. IFor one, it is

safer than making changes in a system just to see how that

E system reacts, it might cease to exist! Another advantage
s of computer simulations is the speed with which results

i can be obtained. An experiment on a real world system,

if planned for six months, will take six months}- A

computer can simulate such an experiment in a very small

r fraction of that time. Additionally, it can repeat the
E simulation several times in order to allow for the
i gathering of statistical data on the results of the

7
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different runs (5:17-18; 21:10=-11).

It is difficult to determine the exact effect any
one decision will have on a complex system. The main
reason for this is that most managers use a mental image
of their system which focuses on those processes which
impact on their area of responsibility (24:4). This fact
makes it extremely difficult to ascertain the impact policy
changes will have (1:2). In this era of tight money and
an increased emphasis on readiness, methods to assess the
impact of policy decisions must be developed.

Employing dynamic models in an attempt to analyze
the control and behavior of complex systems is called
system dynamics (17:1; 3:2). Roberts (18:4) notes that the
behavior of a system is determined by its structure. This
structure includes not only the physical, but also the
traditional aspects of the system. Considering every
aspect of a system is a monumental task and becomes nearly
impossible without some underlying structure to guidé the
research, This structure will be provided by using the
system dynamics approach which "provides a beginning for
replacing confusion with order / 18:4_7."

Scope

This research has as its objective the
development of a policy analysis model of the Air Force
engine management system. In order to achieve this the

system dynamics analysis technology developed by Forrester




(5; 6)y will be used. While this technology is extremely
pewerful, it will not produce an ultimate model. The
reason for this is that for any given system there are any
number of models which can be developed. The choice of a
model must be based upon the questions being asked (5:60;
18:38; 21:19). This forces the researcher to focus on a
more specific purpose than the simple modelling of the
system under study (17:18).

The purpose of this research is to study the
effects of changes in pipeline times on the availability
of engines at base level. The question now arises as to
how the effectiveness of the model will be measured. In
todays Air Force, a great deal of emphasis is placed on
readiness., But readiness is a rather nebulous subject and
while the availability of engines will impact readiness,
there can be no real measure of how great the impact will
be. A better measure of effectiveness would be the
furnishing of a sufficient number of engines at base level
to keep the assigned aircraft operational.

A model, as described, will be a representation
of the engine management system. It displays system
behavior in response to policy changes or other
disturbances. The effectiveness of model performance
will be based on keeping the assigned unit aircraft
operational with respect to engines,

The General Electric J-79 engine will be used as




Eﬁ a specific engine for this study. There are several
reasons for this selection. The J=79 is in use on the
P-4, the Israeli Kfir, and F-104 (23; 24; 4). Since the

engine has seen such extensive duty, a model repre-

sentative of the entire engine system is possible with the
J=79. Such a model would require only minor changes to
fit other specific engine-aircraft systems.
Research Objectives

The major objective of this research is to develop
a system dynamics model which demonstrates the effects of
policy changes on the availability of serviceable engines
at base level. Subobjectives include:

1. Identification of the major processes of the
engine management system;

2. Analysis of the elements of these processes,

their structure and relationships, and the attributis of
- “these elements and relationships;

p 3. Development of a mathematical model which
mirrors the engine management process;

4, Development of a computerized model from the

mathematical and system dynamics models of the system;
5. To verify the performance of the model and
validate that the model represents the system;
6. To evaluate the model as a policy development J

and analysis tool;

10
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7. To identify areas of concern for policy makers

(5:13).
Plan of Presentation

This chapter has established and presented
background for the research. It has established the scope
of the research and presented objectives and subobjectives
for the study. The next chapter will present the
methodology used in model development. Chapter three
traces the model from initial conceptualization through
computerization. The fourth chapter focuses on validation
of the model by experimenting with changes in the input
function., The final chapter summarizes the research

findings and presents recommendations for further study.

11
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CHAPTER 2
METHODOLOGY
Introduction
Chapter one laid the basic groundwork for the

development of a dynamic policy analysis model of the Air
Force engine management system. Discussed in this chapter
is the methodology employed in model development. Causal
loop diagrams, flow diagram symbols and system equations
for a model will be presented and discussed.

The Systems Science Paradigm

The systems science paradigm will be utilized to
guide model development. The main reason for this choice
is its ease of conversion to DYNAMO, the simulation
language chosen for this project. The paradigm, as
described by Schoderbek, Schoderbek, and Kefalas
(19:279-306), is divided into three phases;
conceptualization, analysis and measurement, and
computerization. Each of these phases now will be
discussed.

Conceptualization

The systems science paradigm begins with system
conceptualization. Included in this conceptualization are
those processes considered to be relevant to system
behavior. In analyzing these processes, the model builder

must search out the goals and major outputs of each process

12
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and the requirements for that output. The
conceptualization phase focuses on the structure and
relationships of each element in the system and the
attributes and relationships of these elements. This

framework is shown in Figure 2-1 (19:5-22)

INPUT > PROCESS > QUTPUT

Resources Elements Goal

Requirements (Structure, Measurement
Relationships,

and Attributes)

Analytical Framework of the
Conceptualization Phase

The major thrust of the conceptualization phase
is to start understanding the interactions of the system,
both internal, between elements, and external, between the
system and environment, as soon as possible, Because of
the complexity of these interactions the analyst must
first begin with a general picture of the system and refine
the model into higher degrees of resolution (19:297). This
model building can and should begin early. As soon as
enough is known about the structure and relationships in
the system to do so (18; 8:5).

A good place to start building a model is to

develop causal-loop diagrams, diagrams based upon the

13
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feedback loop characteristics of the system (25:15)., In
building these diagrams, hypothesized relationships between
the elements are specified by considering the elements
pairwise. An arrow is used to designate the dependent-
independent variable relationship. A "+" or "=" sign
indicates the relationship between the two variables.

These pairwise relationships are then assembled into a
cause and effect diagram of the feedback structure of the
system,

An example of a causal diagram depicting engine
usage is shown in Figure 2-2, As the flying hour program
increases, the flying hours per aircraft will also
increase. As the hours per aircraft are increased the
demand for engines will go up and cause an increase in
unserviceable engines. At the same time, the serviceable
engines inventory will decrease, However, increasing the
serviceable engines inventory will increase the number of
serviceable aircraft. This increase in serviceable
aircraft will decrease the number of flying hours per
aircraft.

The positive or negative signs at the head of an
arrow indicate the relationship between the variable at the
tail and the one at the head, If there is a plus sign at
the arrowhead a direct relationship exists. An increase
or decrease in the variable at the tail will cause a like

change in the one at the head. A minus sign indicates the

14
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existence of an inverse relationship. An increase or

decrease in the variable at the tail will have an opposite

effect on the variable at the head.

Flying Hour

Program
Flying
/////,———————§>Hours/Alrcraft—————~\\\§V
Serviceable Engine
Aircraft Demand Rate
+
Serviceable -
+
Unserviceable
Engines

Figo 2-2

Engine Usage
an Example of a Causal Loop
Diagram

A causal loop diagram can be either positive or
negative, A positive feedback loop, as shown in Figure
2-2, is characteristic of growth systems. The positive
feedback can lead to uncontrollable growth or decay. If
one or more such loops exist in a system, that system

potentially is unstable., Conversely, a negative feedback

15




loop is one which opposes change. Any system which
contains these loops potentially is stable. The existence
of negative or positive feedback loops can be determined by
counting the number of minus signs around the loop. If

there are an even number of these signs then the loop is ’

positive. An odd number of minus signs indicates a
negative feedback loop (17:7-8; 8:15,16).

In constructing causal loop models of a system,
further definition of that system is achieved. Once this
is completed the next phase, analysis and measurement, can
be initiated.

Analysis and Measurement

The second stage of the systems science paradigm

involves further analysis of the hypotheses put forth
during conceptualization. Two major items come out of the
analysis phase. First a flow diagram is developed from the
causal loop diagrams. Once the flow diagram is complete a
set of mathematical equations which quantify the
interactions depicted in the flow diagram are developed.
In this sense, system dynamics technology is excellent for
this stage of model development. The flow diagram symbols
shown in Figure 2-4 form a good transition from causal
diagrams to dynamic equations.

Flow Diagrams., The relationships postulated during the

conceptualization phase further can be broken down into

flows of material, orders, money, personnel, capital

16




Y

equipment, and information. This last is considered the
most important. These diagrams are explicit in their
treatment of the decision structure which controls these
flows (5:93-96). The diagram graphically shows the
interactions between elements of the system. This
graphical depiction lends a clarity to these interactions
and links verbal descriptions of the system to the rate
equations (5:81),

These diagrams, based on information about the
system, depict relationships in terms of levels and rates.
Levels can be thought of as accumulations within a system.
The number of engines stocked at an air base is an example
of a level, A level is determined by the difference
between what is put in and what is taken out. This would
be analogous to usage, in the case of, inventories or the
turnover of personnel, These inputs and outputs are
referred to as rates (5:68). A rate is the flow between
two levels in a system and is determined by the levels
they connect (5:69). In order to ascertain whether a
factor is a rate or a level the system is mentally brought
to a halt. If the factor still exists it is a level
(5:68).

In order to make flow diagrams a better tool for
depicting decision functions several, other symbols are
added., These symbols are the source/sink, auxiliary

variable, parameter and delay. Flow diagram symbols and

17
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definitions are shown in Figure 2-4, These symbols, when
combined into a flow diagram, depict information flows,
indicate where delays are encountered, identify where and
how decisions are made, and how all of this affects rates.
Figure 2-3 is given as an example of a flow
diagram. Items flow from a source at a certain rate
(RATE1) into a level (LEV1) and through another rate
(RATE2) out of the system via a sink. RATE1 is determined
by LEV1, a constant (CONST) and an auxiliary (AUX1),
RATE2 is determined by an auxiliary (AUX2), AUX1 and LEV1.

V4 >{ LEV1 X >4§
7 2 A y

/  CONST PR
- Id
/ P ’
[ P 7
- f
()~
Figo 2-3

An Example of a Flow Diagram

System Equations. System equations, depict mathematically,
the rates of flow occurring between levels of a system
(5:77)., These equations are developed separately for

each variable and then brought together to form a

18
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LEVELS--the value of variables
which result from
accumulated differences

DECISION FUNCTION (RATE)--controls
the flow between levels

FLOWS-=-movements of: information <

- o o -

orders

people

material

AUXILIARY VARIABLE~-adds a different
meaning to a decision function

PARAMETERS--those characteristics
of a system considered
constant

<o
<
pd
~
SOURCE/SINK--a source or destination 2{::;
outside of the system
-

DELAYS-~represents time delays

Figo 2-4
Flow Diagramming Symbols (5:82-84)
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representation of the system. As Forrester (5:140-141)
notes, these equations describe those relationships which
have been deemed significant. The degree of correctness
or incorrectness of these equations is dependent upon the
correctness or incorrectness of the perception of the
system itself (5:77).

DYNAMO equations can be postulated from the flow
diagram shown in Figure 2-3., The level equation for LEV1
is a relatively simple matter. This is because all level
equations have the same basic structure. It can be written
as follows:

L LEV1 .K=LEV1.J+DT*(RATE1-RATE2)
All level equations are written in this format (17:76;
5:143).

The rate equations are guite another matter. Rate
equations are very difficult to formulate because of their
nature. They can be represented by any number of
mathematical relationships. One possible way to write the
equation for RATE1 is:

R RATE1.JK=LEV1 .K+( AUX1.K*CONST)

This is an example of a feedback structure. The
amount of material flowing through RATE1 is controlled by
the amount of material in LEV1 plus the product of AUX1
and CONST. This is simply one example. Each rate
equation must be based upon the relationships which the

modeler finds (5:144; 17:79).

20
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Time is depicted in DYNAMO equations by the use of
subscripts. In level and auxiliary equations these
subscripts are J, K, and L, They represent the past,
present and future time periods respectively. Rate
variables have two different subscripts. The subscript JK
is used to represent the time period just past, KL is used
to represent the next time period (17:68-69; 5:75=-76;
6:p.5-1 to 5=2), TFigure 2-5 shows the relationship between
the time periods. DT stands for delta time, the amount of
time which elapses between successive computations (17:68;

5:73=T4; 6:p.6=3),

f&— DT i< DT >
J JK K KL L
The Previous "NOW™ The Next
"MOMENT" "MOMENT"
Figo 2"5

Timescripts J, K, and L in DYNAMO (17:69)

Once the flow diagrams and system equations have
been developed, the analyst is ready to begin the final

stage of the systems science paradigm, computerization,

Computerization

The last stage of the systems s: ‘ence paradigm
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involves the computerization of the mathematical model
constructed in the second phase., The DYNAMO simulation
language, specially designed to ease the translation of the
model to equations for use on a computer, enables a rapid
feedback of the results of simulation runs. This quick
turn-around time aids in deciding if the model is
appropriate (2:186). The results of this final phase may
lead to a reassessment of the previous steps taken. This
makes the entire process iterative in nature.

Evaluation

During the final phase of the paradigm the
computerized model is evaluated., This evaluation consists
of verification, validation, and sensitivity analysis of

the model (3; 21).

Verification. This is simply ensuring the system operates

as intended. Basically, this means ensuring the
computational sequence of the model is correct (21:210).

Validation. Validation of the model entails comparing

model behavior to the behavior of the real world system
(3:182; 21:29=30), Making this determination requires
decisions be made by the analyst about how closely the
behaviors are linked. Unfortunately, there is no other
way to do this at the present time., The validation of a
model is undoubtedly the most difficult part of a
simulation experiment (14:3093),

Presently a simple test for model validity does

22
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not exist (21:29; 7:209). However, there are several
recognized standards. Forrester (5) has pointed out that
for any one system there is an almost limitless number of
valid models. The validity of any model must be judged by
its purpose and how well it meets that purpose., Validity
can have no meaning if it is divorced from purpose (5:115).

Forrester and Senge (7:209-229) feel that tests of
model structure, model behavior and a model's policy
implications all contribute to model validation. These
tests serve to build confidence that the model reflects the
real world system., The results of these tests can be used
to instill confidence in the model in persons who were not
directly involved in model construction.

In discussing validity, Coyle (3:182-184) suggests
that the following questions be asked:

1. Is the boundary correct?

2. Are any gross errors apparent?

3. Does the model structure mirror reality?

4., Are the parameter values right?

5. Is system behavior reproduced by the model?
Coyle further states, that if the model has been built
carefully and in conjunction with system managers the best
test of validity has already been performed.

Validation of this model will be measured by how
well it demonstrates the effects of changes in the flying

hour program on the availability of engines at base level.
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Sengitivity Analysis. Sensitivity analysis is performed by
changing parameters and/or model structure in an attempt
to measure the effect those changes have on model
performance (5:196. 1In order to keep this from becoming
an exercise in model use, the model must be validated.
Only if the model has been validated can sensitivity
analysis be used to assess the effects of changes on the
system.
Summary

Discussed in this chapter was the basic
methodology involved in developing a system dynamics model.
The systems science paradigm, as the basis of this
research, was discussed, Causal-loop or influence diagrams
were presented along with flow diagrams and system
equations., The chapter concluded with a discussion of the

evaluation of system dynamic models,
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CHAPTER 3
MODEL DEVELOPMENT

Introduction

Trichlin and Trempe (25:Ch.3) have developed a

= model of the Air Force reparable asset system. This model
portrays the LRU/SRU relationship. An LRU, line

ﬁ‘ ' replaceable unit, is an item which is normally removed and
replaced as a unit to correct a defiency or malfunction.
Spares are locally authorized to support this removal and
L replacement. An engine can be considered an LRU. Engines
| are, at times, removed and replaced to correct

malfunctions. Because of the possibility of this action

~a

spare engines are authorized to be stocked at base level.
An SRU, shop replaceable unit, is a module for an LRU

which can be removed from the LRU at an intermediate repair

n—'-f“ ) X
N .

facility. This makes the repair of LRUs dependent upon the
stock of spare SRUs,

This study uses the General Electric J=-73-17

VT

o engine as the representative LRU. The compressor section
of this engine will serve as the SRU., Since both of these
§ items must be stocked at both the base and depot level, the

system can be considered a multi-item, multi-echelon

system,
Qverview

This chapter will detail the process_of model

\\
~
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development. The model which will be used in this study is
the one developed by Trichlin and Trempe (25:Ch.3). While
their model was based on an avionics component,
similarities do exist between the two systems. In both the
avionics repair system and the engine repair system, items
are LRUs made up of SRUs., Both systems have repair
capabilities in place at both base and depot levels and
both require spares be stocked at base and depot level.

The two systems are both multi-item, multi-echelon
production and inventory systems.

One major difference is this; once an engine buy
is made no additional engines are purchased (12; 13; 15;
27:p.9-1). This is not true of most spare items,
additional spares can, and at times, are purchased after
the initial buy. Also, because of the way engines are
overhauled at the depot (on an assembly line with parts
being rebuilt or remanufactured, as necessary), very few
engines are lost due to condemnations. In fact, most of
the engines lost to the system are due to aircraft crashes,
in this case the ratio of spares to installed engines
improves.

Figure 3-1 is a conceptual model of the engine
management system. ZFEach base has its own stock of
serviceable engines. Through usage, these engines become
unserviceable. These unserviceables can be repaired at

base level or declared "not reparable this station"™ (NRTS)
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and sent to the depot for repair. Engines which can be
repaired, at base level, are repaired and placed in a
queue to await use. Those engines which are sent to depot
for maintenance are placed in an unserviceable assets
inventory and via the depot repair process, they are
converted to serviceable assets, They then become
available for use to fill orders for engines from base
level., These orders can be either routine or priority. A
routine order is one needed to keep an inventory at a
certain level., A priority order is one which is needed to
support aircraft operations.

The model shows the way the system is set up, each
component can be used to describe a sector of the overall
model. The model is discussed in sectors because that is
the way the model was developed. Each sector is developed
as a separate entity, when the modeler is satisfied with
its structure and performance he goes on to the next. Once
all of the sectors are complete and working they are
brought together to form the final model (17:63). Since
the model was developed in sectors it is easier to describe
the process of this development in sectors. For this
reason, the model will be discussed in the following order:
Base Engine Demand Generation
Base Engine Repair Process
Base Compressor Repair
Quality Effects
Base Requisition

Depot Repair
Depot Resupply

O£ =
e ® & o & o @
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Each sector of the model is first developed into
a causal diagram. The causal diagram is then turned into
a flow diagram. From the flow diagram, system equations
are developed.

System Structure

In any modelling effort certain assumptions must
be made., These assumptions help limit the size of the
model and allow the researcher to concentrate on the area
in which he is interested. This model was developed using
the following structure:

1. The model deals with the interaction between
only one base and the depot., This was done
to avoid unnecessary complexity in the first
stages of model building. It allows the
basic interactions to be considered. 1In
reality several bases interact with the depot.
However, because of standardization all
transactions are basically the same.

2. Only one SRU, the compressor section, is used
to describe the LRU/SRU relationship. This
also was done to avoid unnecessary
complexity. While there are several SRUs in
one engine, any malfunctioning SRU will cause
an engine to malfunction. Again the
interactions are basically the same.

3. This study concentrated on engines which had
to be removed for maintenance. On aircraft
maintenance was not considered., This was done
because the objective of this research was to
study the effects of pipeline times on the
system.

4, No engines were allowed to leave the system.
That is, no condemnations of engines were
allowed, this is appropriate because engines
are a "life of type" purchase and every effort
is made to keep an engine in operating
condition,
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5. The effects of losses due to aircraft crashes
was not considered. For the purpose of the
model crashes were considered to be a rare
event and, therefore, could be ignored.

This chapter outlines the final model development.

The work is based upon the model developed by Trichlin and
Trempe (25:Ch.3). Both models are representations of
multi-item, multi-echelon inventory systems within the Air
Force,

Base Level Engine Demand Generation

Process Description

During daily operations, an aircraft engine may be
reported as malfunctioning. This report is made during
post-flight maintenance debriefings. Shortly after this
report a technician is dispatched to the aircraft to
correct the discrepancy. At this point, the problem can
be diagnosed and corrected at the aircraft or if not
corrected, an engine change may be necessary. If an
engine change is necessary, a demand is made on the spare
engines available, and a change is made. The bad engine
then moves into the base repair cycle. This demand for a
replacement engine is characterized by its mean time
between demand (MTBD). While the initial agent in this
cycle was the mean time between failure (MTBF), it does
not appear to be as important as the MTBD. MTBF is a
component of MTBD but other factors also affect MTBD. The

number of engines in operation, the quality of the
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maintenance work and the skill of the workers are some
examples., The MTBD is a mean of the probability
distribution of demands for that engine over time.

In considering the factors that influence MTBD,
it would seem that only the utilization rate could be
varied with any amount of ease. Theoretically, the usage
rate of an engine could be set at any level leaving
maintenance to sink or swim, either succeeding or failing

to support this rate. Trichlin and Trempe (25:45) note

gz that this rate is "usually set with the limitations" of
f the maintenance system as a consideration. This would
1 indicate that system managers take many factors into

consideration when setting desired usage levels.

The flying hour program is the driving factor in
considering the workings of the engine management system.
From the flying hour program is derived the engine use
rate, the level of spares required, and the amount of man-
hours needed to support a given flying hour program. For
this reason the flying hour program is to be the input

variable for this model.

Causal-Loop Diagram of the
Englne Demand Generation
Sector

Based upon the foregoing description a causal-

loop diagram (Figure 3-2) of the base engine demand

generation process can be drawn.
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The number of serviceable aircraft is directly
related to the number of serviceable engines. At the same
time, as more aircraft are available the average flying
hours per aircraft will decrease. The flying hour program
will impact directly on flying hours per aircraft., As the
flying hour program goes up the number of operational
hours per engine will also increase, as will the failure
rate., This causes an increase in the engine demand rate.
Increasing the demand for spare engines will deplete the
inventory of serviceable spares.

Maintenance quality is also a determinant of the
engine demand rate, However, it is a separate sector of
the model and will be discussed later.

Flow Diagram for the Engine
Demand Generation Sector

The flow diagram for this sector is shown in
Figure 3-3,

In this sector, the level of serviceable inventory
of engines (SINVE) is acted on by the rate of demand for
engines (RDEM). This process turns the serviceable
inventory of engines into an unserviceable inventory of
engines (USINVE). Two auxiliary chains are used to help
define RDEM. The rate of effort (ROE) and the mean time
between demand (MTBD) chains.

The rate of effort chain begins with serviceable

aircraft (SVCAC) this variable acts directly on ROE and is
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SVCAC
SINVE
NAC
DAU

FHP
4 RAUT
- AUFTAB
i AUL
RAU

: ROE

8 MTBDD
RN
MTBDI
' MTITAB
1 IMTBD
QF
MTBDSF
RDEM
ECT

ML ACH L S 4 s S e A

TABLE 3-1

Variables Appearing in Figure 3-3

SERVICEABLE AIRCRAFT (UNITS)

SERVICEABLE INVENTORY OF ENGINES (ENGINES)

NUMBER OF AIRCRAFT (UNITS)

DESIRED AIRCRAFT UTILIZATION (FLY HR/WK/
AIRCRAFT)

FLYING HOUR PROGRAM (FLY HR/WK)

REALIZED AIRCRAFT UTILIZATION FACTOR

AIRCRAFT UTILIZATION FACTOR TABLE

ABSOLUTE UTILIZATION LIMIT (FLY 4R/AIRCRAFT/WK)

REALIZ%D AIRCRAFT UTILIZATION (FLY HR/AIRCRAFT/
WK

RATE OF EFFORT (FLY HR/WK)

MEAN TIME BETWEEN DEMAND DISTRIBUTION (FLY/HR)

RANDOM NUMBER

MTBD INTERVAL (WKS)

MEAN TIME INTERVAL TABLE

INSTANTANECUS MTBD (FLY HR)

QUALITY FACTOR

MTBD SMOOTHING FACTOR (WKS)

RATE OF DEMAND (ENGINES/WK)

ENGINE CORRECTION FACTOR (ENGINES/AIRCRAFT)
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acted upon by the level, SINVE, and the number of assigned
aircraft (NAC), a constant. SVCAC combines with the flying
hour program (FHP) to yield the desired aircraft
utilization (DAU). DAU combines with the absolute
utilization 1limit (AUL) and the aircraft utilization factor
table (AUFTAB) to produce the realized aircraft utilization
factor (RAUF). AUL and RAUF combine to form the realized
aircraft utilization (RAU) which combines with SVCAC to
yield the rate of effort (ROE).

The other auxiliary chain which defines mean time
between demand (MTBD) is described as follows: The
instantaneous mean time between demand (IMTBD) is
determined by the mean time interval table (MTITAB) and a
random number (RN) and the mean time between demand
distribution (MTBDD). MTBDD is taken from a normal
distribution with a mean of 560 hours and a standard
deviation of 60 hours. This was obtained from the DO24F,
"Propulsion Unit Actuarial Experience Computations,”
reports for the last five years., The IMTBD is combined
with the MTBD smoothing factor (MTBDSF) and the quality
factor through a smooth function to yield the mean time
between demand (MTBD). The ROE and MTBD variables com=-
bine to yield the RDEM.

From this flow diagram DYNAMO equations are

formed. These equations are discussed next.
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DYNAMO Equations for the Engine
Demand Generation Sector

Using flow diagrams as a guide, DYNAMO equations
were developed. These equations will now be discussed.
The first set of equations to be considered are

those which deal with the determination of serviceable

aircraft.

A SVCAC.K=MIN( (SINVE.K/ECF),NAC)
o NAC=72

C ECF=2

SVCAC is a minimum function because at any point in time
there will never be more serviceable aircraft than the
total number of aircraft assigned. Since the aircraft
under consideration is the twin engine F-4, the aircraft
must have two good engines to be considered serviceable.
For this reason, SVCAC will be a minimum of the number of
assigned aircraft and the SINVE, the total number of
engines installed and spares on a base, divided by the
engine correction factor (ECF). ECF is equal to two,
representing two engines per aircraft., By using this
constant a change can be made to allow for the study of
other aircraft-engine systems. Seventy-two was chosen as
the value for NAC because it represented the number of
aircraft which could be found at a large wing.,

The desired aircraft utilization (DAU)

determination is considered next.
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A DAU.K=FHP,K/SVCAC.K

Managers will wish to spread the impact of the flying hour
program evenly over the entire fleet. In the long run,
this probably occurs, however, in the near term some

aircraft are likely to be used more often than others.

-*ﬂ‘. o e NS 'T"rdv‘v' et
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The realized aircraft utilization factor [RAUR)
is taken from a table function using DAU.K/AUL as an input.

As Pigure 3-4 shows, as DAU.K/AUL approaches unity RAUR

Qe SEDOIG

will increase but begin to level out at .85. The shape of

this graph is intended to show that as utilization
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increases the realized aircraft utilization factor will
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also go up.
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However, because some aircraft will not be used as much

as others, the overall usage will be around .85, This is
determined by constraints such as, resources, personnel and
equipment., The function has a minimum to show that there
must be some low value for the flying hour program. This
minimum is the lowest which would be used to justify the
unit's continuing in existence.

Because the maintenance function of this system is

had- bt

subject to resource constraints there must be a limit on
the number of flying hours per week flown. Also because
several hours are needed for maintenance activities such
as, refueling, post-flight inspection, and unscheduled

maintenance, an absolute utilization limit (AUL) is set.

The value of AUL will be 25 hours per week.

The next equation which will be considered is the
realized aircraft utilization (RAU), It is obtained by
multiplying AUL by RAUF.

A RAU.K=RAUF.K*AUL

The auxiliary, rate of effort (ROE), is derived

from an information delay, DLINF3, of RAU multiplied by

SVCAC delayed over one week. As the number of serviceable

aircraft goes up ROE will go down and vice versa, It
takes less effort to do the same amount of flying with
more aircraft, all other things being equal.

The mean time between demand distribution (MTBDD)

is taken from the NORMRN macro. It uses an average mean
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time between demand of 560 hours with a standard deviation
of 60 hours. These values were obtained from the DO24F,
report of engine removals, for the past five years.

A MTBDD.K=NORMRN(560,60)

Also in this sector, a random number (RN) is
generated using the noise function. This random number is
used as the input function for the mean time between demand
interval (MTBDI). The mean time interval table (MTITAB)
causes a random number to be held for from four to twelve
weeks of simulation time. If the value of RN is less than
or equal to zero the MTBDI will be held for four weeks.

If it is greater than zero MTBDI will be held for twelve
weeks.,

The sample macro allows an instantaneous MTBD to

be drawn from MTBDD, MTBDI, and 560 hours.

A RN.K=NOISE()

A MTBDI.K=TABLE(MTITAB,RN.K,=.5,.5,.5,1)
T MTITAB=4/12

A IMTBD.K=SAMPLE(MTBDD.K,MTBDI.K,560)

MTBD is derived by multiplying the quality factor
(QF) by the smoothed IMTBD. The smoothing factor (MTBDSF)
ie five weeks, Five weeks is a sufficient amount of time
to avoid abrupt changes in MTBD.
A MTBD.K=QF*( SMOOTH( IMTBD.X ,MTBDSF))
C MTBDSF=5

The MTBD and ROE chains are used to derive the
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rate of demand (RDEM). RDEM is obtained by dividing ROE
by MTBD.

Discussed in this section was the development of
the demand generation sector. The next section will
discuss the development of the engine repair sector.

Base Engine Repair Process

Process Description

In this sector, the process of repairing
unserviceable engines and returning them to the serviceable
engine inventory is discussed. Because of flying
activities, engines fail and are replaced by serviceable
engines, This cycle decreases the number of serviceable
engines and increases the number of unserviceables on a
base at any given time. An increase in the unserviceable
inventory will cause a manager to increase shop work rates
in an attempt to return unserviceable engines to the
serviceable inventory. Because of the manner in which
the system is set up, with a greater repair capability at
the depot, a certain percentage of engines will be
declared "not reparable this station" (NRTS) and returned
to the appropriate ALC for repair.

Causal-Loop Diagram of the
Base Engine Repalr Process

Figure 3-5 is a causal-=loop diagram of the above
process description., The engine demand rate derived in the

previous sector is the input for this sector., As the
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demand for engines goes up, the number of serviceable
engines goes down and the number of unserviceable engines
goes up. The engine repair rate will go up because of the
increase in unserviceable engines. This assumes there are
sufficient repair bays and personnel. This point will be
discussed more fully in the flow diagrams for this sector.
This increase in the repair rate will drive down the number
of unserviceable engines, A change in the engine repair
rate will also be affected by management's perception of
the engine demand rate. Additionally, as the number of
unserviceable engines increases the number of engines
declared NRTS will increase, However, the percentage of
engines declared NRTS will remain the same. Changes in
the engine repair rate may have a negative impact on
quality, especially if an attempt is made to shorten the

cycle time.

Flow Diagram for the Base
Engine Repalir Process

The flow diagram for this sector is shown in
Figure 3-6.

The driving input to this sector is the rate of
demand (RDEM) derived in the first sector. This rate of
demand feeds into a third-order information delay which
yields the perceived demand rate (PDR). This variable,
PDR, is used because the perception of an occurrence is as

important as the actual event. It also takes a certain
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SINVE
RDEM
PDR
UMRD
RF1TAB
RRF1
MAXTP
RAUF
R¥2TAB
RR¥F2
DRUSUR

RUSUR
USINVE
URINV1
PROPD
RNRTS
DELA
RRF3X
RF3TAB
RRF3
DERR

TERR
ERRL
CPCRL

BSCPI

ERR
EDR
EDD
URINV2

URINV3
RURS

TABLE 3-2

Variables Appearing in Figure 3-6

SERVICEABLE ENGINE INVENTORY (ENGINES)

RATE OF DEMAND (ENGINES/WK)

PERCEIVED DEMAND RATE (ENGINES/WK)

UNIT MAINTENANCE RESPONSE DELAY (WKS)

REPAIR RATE FACTOR ONE TABLE

REPAIR RATE FACTOR ONE

MAXIMUM THROUGHPUT (ENGINES/WK)

REALIZED AIRCRAFT UTILIZATION FACTOR

REPAIR RATE FACTOR TWO TABLE

REPAIR RATE FACTOR TWO

DESIRED RATE UNSERVICEABLES GO UNDER REPAIR
(ENGINES/WK)

RATE UNSERVICEABLES GO UNDER REPAIR (ENGINES/WK)

UNSERVICEABLE INVENTORY OF ENGINES (ENGINES)

UNDER REPAIR INVENTORY ONE (ENGINES)

PROPORTION OF ENGINES TO DEPOT

RATE ENGINES DECLARED NRTS (ENGINES/WK)

DELAY FOR NRTS ASSESSMENT (WKS)

REPAIR RATE FACTOR THREE INDEX

REPAIR RATE FACTOR THREE TABLE

REPAIR RATE FACTOR THREE

DESIRED ENGINE REPAIR RATE (ENGINES/WK)

DELTA TIME (WKS)

TRIAL ENGINE REPAIR RATE (ENGINES/WK)

ENGINE REPAIR RATE LIMIT (ENGINES/WK)

COMPRE?SOR CONSUMPTION RATE LIMIT (COMPRESSORS/
WK

BASE SERVICEABLE COMPRESSOR INVENTORY
(COMPRESSORS)

ENGINE REPAIR RATE (ENGINES/WK)

ENGINE DIAGNOSIS RATE (ENGINES/WK)

ENGINE DIAGNOSIS DELAY (WKS)

UNDER REPAIR INVENTORY TWO
(ENGINES AWAITING COMPRESSORS)

UNDER REPAIR INVENTORY THREE (ENGINES)

RATE U?SERVICEABLES RETURN TO SERVICE (ENGINES/
WK

ENGINE REPAIR DELAY (WKS)
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amount of time to recognize what is happening in a system.

Because of an increase in demand pressure managers
will feel compelled to increase the repair rate. An
attempt is made to capture this pressure in the variable,
repair rate factor one (RRF1),

This repair rate factor is derived by combining
PDR with the maximum throughput (MAXTP) and the repair rate
factor one table (RF1TAB). A MAXTP is needed because in
reality there are restrictions on the maintenance repair
capability. This study uses a complex with four
maintenance bays and sufficient numbers of tools and
personnel to man the four bays. It is felt that the most
engines such a complex could turn out would be an average
of two per week, This figure is used because it takes two
weeks to turn out an engine at base level. The shape of
the repair rate factor one table (RF1TAB) will be more
fully explained in the sector on system equations.

As the serviceable engine inventory is drawn down,
managers begin to feel pressure to increase the repair
rate for engines, This repair rate, repair rate factor
two (RRF2), is derived when the realized aircraft
utilization factor (RAUF) is used as an input to the
repair rate factor two table (RF¥2TAB). RAUF is used as an
input because as the use rate for aircraft goes up more
engines will be removed for maintenance, causing the

serviceable inventory of engines to decrease,
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RRF™, RRF2, and MAXTP combine to yield the desired
rate unserviceables go under repair (DRUSUR). This desired

rate combines with the unserviceable inventory of engines

T T

to yield the rate unserviceables actually go under repair
(RUSUR). RUSUR separates the unserviceable inventory from

the under repair inventory one (URINV1). URINV1 is one of

T IaE

three under repair inventories. It represents the delay
engines experience during diagnosis. URINV1 has two
outflow rates. The first, the rate engines are declared
3 NRTS (RNRTS), goes to the depot repair process, The

- second, the engine diagnosis rate (EDR), flows into the

3 second under repair inventory (URINV2). URINV2 represents

those engines which must wait for a compressor before

repairs can be completed.

From URNIV2, engines flow into the third under
repair inventory (URINV3) at a rate equal to the engine
repair rate (ERR). ERR is derived from an auxiliary chain
and will be described more fully in the section on system
equations. URINV3 represents the final stage of
maintenance, testing to insure the engine will operate
satisfactorily. From URINV3, engines are returned to the
serviceable inventory via a third-order delay, the rate
unserviceables return to service (RURS).

This section has discussed the flow diagram for
the base engine repair process sector. From this flow

diagram DYNAMO equations are developed.
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DYNAMO Egquations for the
Base Bngine Repair process

The DYNAMO equations derived from the flow diagram

shown in Figure 3-6 are presented here. TFollowing the same
pattern as the discussion of the flow diagrams, the
perceived demand rate is discussed first.

| A third-order information delay using the rate of
demand (RDEM) as an input yields the perceived demand rate.
This is used in an attempt to capture the delay between
when an event actually occurs and the perception of what
actually happened. The unit maintenance response delay is
set at 2.2 weeks, a little more than a day and a half, to
represent the time it takes to perceive how many engines
are being demanded.

PDR is then divided by MAXTP and used as an input
to the repair rate factor one table (RF1TAB). The output
of this table is the repair rate factor one (RRF1). As
mentioned earlier, this represents the pressure managers
feel to increase work rates due to demand.

RF1TAB is shown in Figure 3-7. This table is
constructed in an attempt to show how managers increase
work rates in response to demand pressures. The minimum
ig set at 2.5 to indicate that even when there is little
or no work to be done on engines, the workers will still
be put to some use., This minimum could have been set at

any level. 1In the real system it is likely that it varies
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and may even go to zero, with stand-down days for example.

A PDR.K=DLINF3(RDEM.K, UMRD)

C UMRD=0.2

A RRF1.K=TABHL(RF1TAB, (PDR.K/MAXTP),D,1,.1)

T R¥1TAB=.5/.5/.53/.58/.65/.73/.82/.91/.97/.98/1.0

The second repair rate factor (RRF2) is .. .ained
by inputting the realized aircraft utilization factor
(RAUF) into the repair rate factor two table (RF2TAB).
This table is an attempt to capture the pressure managers
feel to increase work rates due to inventory level
pressures, As the serviceable inventory is drawn down
managers will feel compelled to increase the amount of
work being done on engines., The table, shown in Figure
3-8, is only slightly different from RF1TAB. This is
because of the different pressures felt by managers due to
inventory levels. Again the table starts at .5 for the
same reason that RF1TAB started at .5.

A RRF2 .K=TABHL(RF2TAB,RAUF.K,0,.7,.1)
T RF2TAB=.5/.5/.5/.52/.66/.88/.99/1.0

The two repair rate factors are both multiplied by
the maximum throughput (MAXTP) . The larger of the two
products is used as the desired rate unserviceables
go under repair (RUSUR). This is done by using the MAX
function, which returns the larger of the two values as
the value of DRUSUR., This structure is used to allow the

higher repair rate to be used.
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A DRUSUR .K=MAX(RRF1.K*MAXTP, RRF2 .K*MAXTP)
C MAXTP=2.0

The DRUSUR value is then used to obtain the rate
unserviceables go under repair (RUSUR). In dealing with an
inventory as important as the engine inventory is to
capability, managers will wish to repair malfunctioning
units as quickly as possible, thus the choice made here
represents the higher of the two rates.

R RUSUR.KL=FIFGE(USINVE/DT, DRUSUR.K, DRUSUR.K,
USINVE/DT)

The FIFGE macro will take the First value IF the third is
Greater than or Equal to the fourth, otherwise, it will
return the second (12:119). In this case RUSUR will either
be USINVE/DT or DRUSUR depending upon the conditions.

The unserviceable inventory of engines (USINVE)
is determined by the following equation:
L USINVE.K=USINVE.J+DT*(RDEM.JK~-RUSUR.JK-DTDR.JK)
Unserviceable engines come into the inver.tory at a rate
equal to RDEM and leave the inventory by two means. The
first is the rate unserviceables go under repair. The
second is the diversion to depot rate, the number of
engines per week that are sent to the depot. This is done
to show that engines can be repaired by two processes, also
included in this are those engines which meet their maximum
operating limits and are removed to be shipped to depot

for overhaul.
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The under repair inventory is broken into three

levels. Those which are being processed or diagnosed,

Ty T g
Ty T
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(URINV1), those engines which are awaiting compressor

'fj sections to complete repair actions, and those which are

v
P

Ei actually being repaired, this section includes those
engines which are being tested to insure they are in
serviceable condition.

URINV1 is determined by the following equation:
[~ L URINV1.K=URINV1.J+DT*(RUSUR.JK~-RNRTS.JK-EDR.JK)
During the diagnosis process it is discovered that some

engines are beyond the repair capability of the base.

] These engines are declared NRTS at a rate equal to RNRTS.
;; The other outflow of the level, EDR, is shown as a third-
‘ order delay.

= RNRTS is the output of a third-order delay. It

is obtained by multiplying the proportion of engines to

depot (PROPD) by (RUSUR). This is done to shcw that the
proportion of engines being sent to depot will be constant
but the actual numbers of engines will change. RNRTS is
delayed over the engine diagnosis delay of 1.1 weeks.
This is the standard amount of time allowed for diagnosis
of engine malfunctions., The RNRTS equation is as follows:
R NRTS .KL=DELAY3( PROPD*RUSUR.JK,DELA)
c DELA=1.1

The engine diagnosis rate is derived from the

following third-order delay equation:
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R EDR.KL=DELAY3((1-PROPD)*RUSUR.JK,EDD)

C EDD=0.28

This rate captures engines coming into the base repair
process, One minus PROPD is used to indicate that only
those engines which are to be repaired at base level are
considered here. This value is multiplied by RUSUR to
show that this rate is a function of the number of engines
being sent into the repair process.

The inventory of engines awaiting compressor units
is depicted by the following equation:

L URINV2 .K=URINV2,J+DT*(EDR.JK-ERR.JK)

This level equation is the same as for all level equations.
The change rate of the equation is equal to the difference
between EDR and ERR.

The engine repair rate is derived from an
auxiliary chain which starts with repair rate factor three
index. This repair rate symbolizes the rate that engines
are actually repaired. It begins with the repair rate
factor three index (RRP3X). This index is obtained by
dividing EDR by 1-PROPD*MAXTP. RRF3X is used as an input
to the repair rate factor three table (RF3TAB), and yields
the third repair rate factor (RRF3). RRF3 is a function
of the number of engines being diagnosed. RF3TAB is shown
in Pigure 3-9, It is related to the table for RRF1 as
follows:

.625=RRF1(MIN)/(1-PROPD)
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RRF3 5

RRF3X

Table for Repair Rate Factor Three

Again the minimum could have been set at any level, but
since engines will be arriving at this point if there are
activities going on in the preceding stages this seems to
be a reasonable formulation.
RRF3 is multiplied by one minus PROPD and MAXTP
to yield the desired engine repair rate (DERR). This
is to show that this rate will be a function of RRF3, the
number of engines staying on base for repair, and the
maximum number of engines which can be repaired in a week.
The value for DERR is then used in a FIFGE macro
with USINV2.K/DT to yield the trial engine repair rate
{TERR).
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The compressor consumption rate limit (CPCRL)

will be equal to the base serviceable compressor

..IH?.'Y“'.- -

inventory (BSCPI) divided by delta time (DT). This is

)

used because managers will want to spread their usage of
spares over time rather than all at once.
{ The engine repair rate limit (ERRL) is construct-

ed as another FIFGE macro. In this case, the compressor

consumption rate limit (CPCRL) divided by the compressor
generation factor (CPGF) or the test engine repair rate,
whichever'is appropriate is used. From these equations
the engine repair rate (ERR) is derived. The purpose of
the entire string is to show that the repair of engines
will be a function of the number of engines going into the
repair process and the number of compressors available to
the repair process. The string of equations which are
used to derive the engine repair rate are listed below:

A RRF3X.K=EDR.JK/((1-PROPD)*MAXTP)

A RRF3.K=TABHL(RF3TAB.RRF3X.K,0,1,.1)

T RF3TAB=.625/.635/.66/.71/.77/.83/.88/.95/.99/1.0
A DERR.K=RRF3,K*(1-PROPD)*MAXTP
A

TERR.K=FIFGE(URINV2,K/DT,DERR.K,DERR.K,
URINV2.K/DT)

=

CPCRL.K=BSCPI.K/DT

A ERRL.K=F§FGE(CPCRL.K/CPGD,TERR.K,TERR.K,CPCRL.K/
CPGF

R ERR.KL=ERRL.K
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N ERR=0

The third under repair inventory (URINV3) is a
level whose change rate is the engine repair rate (ERR)
minus the rate unserviceables return to service (RURS).
This inventory represents those engines which are in the
process of being tested to assure they are ready to be
returned to service. Its outflow, RURS, is a third-order
delay of the engine repair rate (ERR) over the engine
repair delay of two weeks. This is the standard amount
of time allowed for the repair of engines at base level.

The equations for URINV3 and RURS are listed below:

L URINV3.K=URINV3,.J+DT*(ERR.JK~-RURS.JK)
N URINV3=0

R RURS.KL=DELAY3(ERR.JK,ERD)

C ERD=2

The final equations to be discussed in this
sector are those which deal with the serviceable inventory

of engineé (SINVE). The equations are listed here:

L SINVE.K=SINVE.J+DT*(RURS.JK+RARFD,JK+
RAPFD.JK-RDEM.JK)

N SINVE=BE

C BE=151

As shown the change rate of the SINVE equation is
the sum of the rate unserviceables return to service and
the arrival of shipments from depot, both routine (RARFD)
and priority (RAPFD), minus the rate of demand for

serviceable engines (RDEM).
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SINVE is set equal to base engines (BE) initially
to allow use of DYNAMO's rerun option. This option allows
parameter changes to be made without recompiling the
entire program, a considerable saving of time. Base
engines is set equal to 151 engines, 144 engines installed
plus 7 engines at base level for use as spares.

This sector has dealt with the repair of engines
at base level. The next sector will deal with the repair
of engine compressors at base and depot level.

Compressor Repair

The engine system cannot be considered in depth
unless the interaction of shop replaceable units (SRUé)
with the engine is considered. If a modeler chose not to
consider this relationship the following assumptions
would be necessary:

1. No SRUs are contained in the component. This
i=s not true when considering engines. All engines are
made up of SRUs.

2. The availability, or lack of availability, of
SRUs will not affect the repair rate. This cannot be
assumed to be true in the engine system. If an SRU is not
available when needed the engine cannot be repaired.

3. The SRU repair delay can be incorporated in
the LRU delay adequately. That is, the delay caused by
the SRU process will not significantly affect the LRU in

question. In the engine management system this is
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not true, If compressors are not available in sufficient
numbers, then engines will be delayed in the repair
process.

Since none of the above conditions exist the
interaction between compressor sections and engines must
be considered.

Process Description of the
Compressor Repair Process

The first step in the process is the diagnosis of
a faulty compressor and removal of the compressor from the
engine. The second step is the replacement of the faulty
compressor in the engine and the return of that engine to
the serviceable inventory; any calibration required is
incorporated in this step. Engines are held in an under
repair inventory awaiting compressors between steps one

and two.

Causal-Loop Diagram of the

Compressor Repair Process

The causal-loop diagram for this sector is shown
in Figure 3-10. The relationship between serviceable
engines and unserviceable engines is negative. As the
number of serviceable engines decreases the number of
unserviceable engines will increase and vice versa. This
increase in the number of unserviceable engines will
cause an increase in the number of engines awaiting a

compressor unit. As the number of compressors worked on
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at base level increase the number of compressors declared
“"not reparable this station" (NCPR) will also go up. The
increased NRTS rate will cause the depot repair and
resupply to increase. Both the depot repair and resupply
rate and the base compressor repair rate will have a
negative impact on the number of engines awaiting
compressor units. Finally, as the number of engines
awaiting compressors is decreased the number of
serviceable engines will be increased.

The causal-loop diagram for this sector now can
be turned into a flow diagram. This flow diagram will be
discussed next.

Plow Diagram of the
Compressor Repair Process

The flow diagram for this sector is shown in
Figure 3-11,

Compressor arrive at the unserviceable compressor
inventory (USCPI) at some rate. This rate, the reparable
compressor rate (RCPR), is determined by the engine
diagnosis rate (EDR) and the compressor generation factor
(CPGF).

The rate compressors go under repair (RCPUR) is
the rate at which compressors move into the base
unserviceable compressors inventory. This rate is
determined by the level of USCPI, the computation interval,
the maximum throughput of compressors (MTPCP) and the
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EDR
CEGF

RCPR
MTPCP

CPRTFX
CPRFT
DCPRF
USCPI
DT
RCPUR
CPRRF
TERR
ERRL
BUCPI

PCPD
BCPRR
BCPRD
NCPR
NCPD
DCPI
DCPRR
DCPRD
BSCPI

CPCR

TABLE 3-3

Variables Appearing in Figure 3-11

ENGINE DIAGNOSIS RATE (ENGINES/WK)

COMPRESSOR GENERATION FACTOR (COMPRESSORS/
ENGINE)

REPARABLE COMPRESSOR RATE (COMPRESSORS/WK)

MAXIMU% THROUGHPUT OF COMPRESSORS (COMPRESSORS/
WK

COMPRESSOR REPAIR FACTOR INDEX

COMPRESSOR REPAIR FACTOR TABLE

DEPCT COMPRESSOR REPAIR FACTCR

UNSERVICEABLE COMPRESSOR INVENTORY (COMPRESSORS)

DELTA TIME (WKS)

RATE COMPRESSORS GO UNDER REPAIR (COMPRESSORS/WK)

COMPRESSOR REPAIR RATE FACTOR

TRIAL ENGINE REPAIR RATE 2ENGINES/WK)

ENGINE REPAIR RATE LIMIT (ENGINES/WK)

BASE UNSERVICEABLE COMPRESSOR INVENTORY
(COMPRESSOR)

PROPORTION OF COMPRESSORS TO DEPOT

BASE COMPRESSOR REPAIR RATE (COMPRESSORS/WK)

BASE COMPRESSOR REPAIR DELAY (WKS)

RATE COMPRESSORS DECLARED NRTS (COMPRESSORS/WK)

NRTS COMPRESSOR ASSESSMENT DELAY (WKS)

DEPOT COMPRESSOR INVENTORY (COMPRESSORS)

DEPOT COMPRESSOR REPAIR RATE (COMPRESSORS/WK)

DEPOT COMPRESSOR REPAIR DELAY (WKS)

BASE SERVICEABLE COMPRESSOR INVENTORY
(COMPRESSORS)

COMPRESSOR CONSUMPTION RATE (COMPRESSOR/WK)
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compressor repair rate factor (CPRRF).

" At this point the BUCPI is divided into two
separate quantities. One of the quantities represents
those compressors which are repaired at base level. A
third-order delay represents the base compressor repair
rate (BCPRR). This is derived from the rate compressors
go under repair (RCPUR) and the proportion of compressors
sent to depot (PCPD). BCPRR moves compressors into the
base serviceable compressor inventory after a delay of two
weeks, This is the standard amount of time it takes to
repair a compressor at base level. The remainder of the
compressors undergo a third-order delay to be declared
NTRS, this rate is also determined by PCPD and RCPUR, and
move into the depot compressor inventory. A third-order
delay, the depot compressor repair rate, (CDPRR),
characterizes the depot level compressor repair process.,
The DCPRR is determined by the depot compressor inventory
and the rate compressors are declared NRTS. After the
depot compressor repair delay (DCPRD) of six weeks
compressors move back into the base serviceable compressor
inventory (BSCPI).

These same compressors move out of the
serviceable compressor inventory (BSCPI) at a rate, the
compressor consumption rate (CPCR), determined by the
engine repair rate limit, and the compressor generation

factor (CPGF).
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This flow diagram is the basis for the development

of DYNAMO equations. These equations are discussed next.

DYNAMO Eguations for the

compressor Repair Process

The reparable compressor rate (RCPR) is the rate
compressors which need repair are generated., It is equal
to the engine diagnosis rate (EDR) multiplied by the
compressor generation factor (CPGF). This set of equations
was set up to show the number of compressors which are
generated by unserviceable engines. The equations for
RCPR are listed below:

R RCPR.KL=EDR.,JK*CPGF
C CPGF=.49

The unserviceable compressor inventory (USCPI) is
a level determined by the change rate RCPR minus RCPUR.
RCPUR is defined as the rate compressors go under repair.
The compressors in this inventory are those which are taken
off of engines which are being repaired. The equations
for USCPI are listed next.

L USCPI.K=USCPI.J+DT*(RCPR,JK-RCPUR.JK)
N USCPI=0

The reparable compressor rate, when divided by
the maximum throughput of compressors (MTPCP), yields the
compressor repair factor index. This index, CPRFX, is
used as an input to the compressor repair factor table

(CPRFT) to give the desired compressor repair factor
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(DCPRF). This equation is used to indicate managers will
repair compressors as they come in up to the limit for
that repair rate.

The compressor repair factor table starts at .S5.
This is the same as the repair rate factor one table
(RF1TAB) and the same reasoning is used here. That is,
even when there is little or no repair work to be done
the workers will be put to some use, In truth this table
could have any minimum value., CPRFT moves from .5 to unity
as CPRFX moves from zero to unity. The relationship is as
shown in Figure 3-12.

The desired compressor repair factor (DCPRT) is
combined with the trial engine repair rate (TERR) and the

engine repair rate limit (ERRL) to yield the compressor

1.0 4

e

8 ]

o7

.6

DCPR® .

1

* °
- N W A~ W,
L1

jcé l o4l: 1oé lcé ]1or’)
CPRFX
Fig, 3=12 The Compregsor Repair Factor Table
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repair rate factor (CPRRF). Tuis is accomplished by using

the FIFZE macro, FIFZE is a mnemonic for First I? third is
equal to ZEro (12:113), in this usage the macro will

return the current value of DCPRF or one, whichever is
appropriate, as the value of the compressor repair rate
factor (CPRRF). This equation is designed to show that

if TERR minus ERR is zero then CPRRF will be equal to the
DCPR?, otherwise it will be one. This'becomes important in
the equation for the rate compressors go under repair.

The rate equation which defines RCPUR is a FIFGE
macro, First IF third is Greater than or Equal to the
fourth, This means that managers will set some average
work rate based on the inventory of unserviceables or they
will work at some greater rate up to the maximum work.ioad.
The choice depends on the pressure exerted by the present
level of activities., The equations which lead to the
determination of RCPUR are shown below.

CPR7X .K=RCPR.JK/MTPCP

MTPCP=5
DCPRF.K=TABHL(CPR®P,CPRFX.K,2,1,.1)
CPRPT=.5/.5/.53/.58/.65/.73/.82/.91/1.1
CPRR?.K=FIFZE(DCPRF.X, 1, TERR.K-ERR.K)

“o B Q e

RCPUR . KL=FIFGE(USCPI/DT,CPRRT ., K*MTPCP,
CPRRF.K*MTPCP,USCPI.K/DT

The base unserviceable compressor inventory
(BUCPI) is determined by subtracting the base compressor

repéir rate (BCPRR) and the rate compressors declared NRTS
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(NCPR) from the rate compressors go under repair (RCPUR).
The level equation for BUCPI is as follows:
L BUCPI.K=3UCPI.J+DT*(RCPUR,JK-BCPRR,JK-NCPR.JK)
There are two outflows for the base unserviceable
compressor inventory. The first, the base compressor
repair rate (BCPRR), represents those compressors which
will be repaired at base level. This rate is defined by
a third-order delay. This delay uses the product of
one minus the proportion of compressors to depot and the
rate compressors go under repair (RCPUR), and delays it
over the compressor repair delay of two weeks. This delay
is the standard repair time for compressors at base level.
The other rate coming out of the base
unserviceable compressor inventory is the rate compressors
declared NRTS (RCPR). It delays the product of the
proportion of compressors sent to depot (PCPD) and the
rate compressors go under repair (RCPUR) over the NRTS
compressor assessment delay of 0.5 weeks. These two rates
are get up to indicate they are subject to the number of
compressors being put into the repair process, The

equations for these two rates are listed here:

R NCPR.KL=DELAY3( PCPD*RCPUR,JK,NCPD)

C PCPD=0.9

C NCPD=0.5

R BCPRR.KL=DELAY3( (1-PCPD)*RCPUR,.JX,BCPRD)
C 3CPRD=2
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The level of the depot compressor inventory (DCPI)

is determined by the rate compressors declared NRTS (NCPR)

minus the depot compressor repair rate (DCPRR). The depot

compressor repair rate is derived from a third-order delay

. of NCPR over the depot compressor repair delay (DCPRD)
E of six weeks., The equations for DCPI and DCPRR are listed
? next,
? L DCPI.K=DCPI.J+DT*(NCPR.JK-DCPRR.JK)
;! N DCPI=0
f R DCPRR .KL=DELAY3(NCPR.JK, DCPRD)
;% | c DCPRD=6

The final level in this sector is the base

serviceable compressor inventory (BSCPI). It has a change

rate which is equal to the sum of the base compressor
repair rate (BCPRR) and the depot compressor repair rate
(DCPRR) minus the compressor consumption rate (CPCR).

CPCR is the product of the engine repair rate limit (ERRL)
and the compressor generation factor. This is presented

in this manner to indicate that not all engines are in need
of a new compressor when they are brought in. These

equations are listed next.

L BSCPI.K=BSCPI.J+DT*(BCPRR.JK+DCPRR.JK-CPCR, JK)
N BSCPI=BCP

c 3CP=5

R CPCR.KL=ERRL.JK*CPGT

c CPGF=0.40
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This section has discussed the compressor repair
process sector. The flow diagram and DYNAMO equations
have been presented. The next section will present the
quality effects sector.

Quality Effects Sector

Process Description

Quality work, work which returns an engine to a
level of performance at or near what it was before the need
for maintenance arose, is important. If the work being
performed is not of sufficient quality it could lead to
decreased operational capability. This would come about
because of an increase in the number of unserviceable
engines and a rise in the shop work rate. This could, if
the condition persists, lead to more unserviceable engines
and longer hours for the workers., The cycle is self-
reinforcing and will continue to worsen unless some
outside force steps in to break the cycle. Taken to the
extreme it might even lead to the loss of an aircraft and
crev,

There are a number of factors which affect the
quality of maintenance being performed. Factors such as
training, experience, and morale will be considered in
this sector. The premise being that more training and
experience and high morale will have a favorable impact.
Since the technological factors which affect quality

(reliability and ease of repair) are set before purchase,
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during the design stage, they will not be considered.
However, effects from the design stage are evident in the

model in the form of repair times and the MTBD.

Causal-Loop Diagram of the
Quality Effects sector

The causal-loop diagram for this sector is shown
in Figure 3-13., The diagram shows that as maintenance
quality increases, there is a perceived ability to cut
down on training. This is especially true in an
organization which is undermanned. As the amount of
training goes down so does the level of experience,
bringing quality down.

Morale will also have an impact on gquality. The
two main impactors on morale are seen as the perceived
availability of outside jobs and personal factors, It is
highly probable that others affect quality, however,
outside jobs, which gives the worker the incentive to leave
the organization is seen as the most important., These
outside jobs can be jobs in other fields within the Air
Force or jobs in the civilian community. 1In either case
the worker is lost to the system. A personal factors
input, something which would account for individual
difficulties is also included. Both are seen as having a
direct relationship with quality.

The flow diagram developed from this causal-=loop

diagram is discussed next.
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Flow Diagram for the
Quality Elfects sector

The flow diagram for the quality effects sector

is shown in Figure 3-14., The quality effects sector is

an auxiliary chain which impacts on the rate demand for

1
F! engines (RDEM) through the mean time between demand (MTBD)
tc variable.

: The training factor (TNGF) combines with a random
!. number to yield training (TNG). TNGF is constructed as a
sine function., The function will have a very small
modulation. In today's Air Force, training and the qual-
ity of that training is a closely controlled process. It
must be this way because of the importance training has in
terms of safety and mission capability. Training is used
as an input to the maintenance skill level table (MXSLT).
5 The output of this table is maintenance skill level

;;1 (MXSL). The shape of MXSLT will be more fully discussed
!! in the section on system equations. MXSL then is used as
an input to the maintenance experience table (MEXPT). The
shape of this table will also be discussed more fully in
the section on system equations. The output of MEXPT is

maintenance experience,

The perceived availability of outside jobs is

developed as a sine function. It combines with a random
number and feeds into a third-order delay. This delay

yields morale (MORAL), which is an input to the morale
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MXEMPT
MXEXP
MXSLT

MXSL
QF
RN
TEFFP
TFFM
TNGE

TNG
DEL

PAOJ
MORD
MTBD

RDEM
ROE

PAOJTFP
PACJ*M

MORAL

MORALT
MORALF

TABLE 3-4

Variables Appearing in Figure 3-14

MAINTENANCE EXPERIENCE TABLE 4

MAINTENANCE EXPERIENCE

MAINTENANCE SKILL LEVEL TABLE

MAINTENANCE SKILL LEVEL ]

QUALITY FACTOR

RANDOM NUMBER

TRAINING FACTOR FREQUENCY PERIOD

TRAINING FACTOR FREQUENCY MODULATION

TRAINING FACTOR

TRAINING

DELAY FOR TRAINING (WKS)

PERCEIVED AVAILABILITY OF OUTSIDE JOBS FREQUENCY
PERIOD

PERCEIVED AVAILARILITY OF OUTSIDE JOBS FREQUENCY
MODULATION

PERCEIVED AVAILABILITY OF OUTSIDE JOBS

MORALE

MORALE DELAY (WKS)

MORALE TABLE

MORALE FACTOR

MEAN TIME BETWEEN DEMAND

RATE OF DEMAND

RATE OF EFFORT
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table to give the morale factor., The shape of the morale
table will be discussed more fully in the section on
svstem equations.

The morale factor and maintenance experience are
combined to form the quality factor (QF). The reasoning
behind thie formulation is that happy workers with a high
level of experience will do better work. This is used in
the mean time between demand. A high level of quality in
the repair process should cause the mean time between
demand to increase, all other things being equal,

From the flow diagrams just described DYNAMO
equations were developed. These equations are discussed

next.

DYNAMO Egquations for the
anIi&y Eifects sector

The training factor (TNGF) was developed as a sine
function., It has a modulation of .25 and a period of 78
weeks., The relatively small modulation was chosen to
indicate the importance of training in the Air Force.

Every attempt is made to keep the training which personnel
receive at a high level of quality. The period of 78 weeks
was chosen as an ‘estimate of the amount of time needed to
perceive and react to changes in the quality of training
per;onnel are receiving. A random number, taken from the
MOISE function, was added to the training factor to

represent individual differences.
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The training factor is put through a third-order
delay of eight weeks. Eight weeks was used as a rough
estimate of the amount of time necessary to complete a
training course. The output of this delay is training
(ING).

Training is used as an input to the maintenance
skill level table (MXSLT). The table, shown in Figure
3=15, is intended to show the accumulation of skill, the
ability to perform a given task. Since any inherent skill
is worthless without the proper training, the table has a
minimum value of zero. The value of the table increases
rapidly as training increases., This increase in skill
slows after 0,8 and a maximum value of 2.98 is given to
maintenance skill (MXSL). This upper limit is set to
indicate the impossibility of attaining perfection.

Maintenance skill level is used as an input to
the maintenance experience table (MXEXPT). This table,
shown in Figure 3-16, is developed along the same lines as
MXSLT. The major difference being a slower increase in
the value for maintenance experience (MXEXP), the output
of the table. This is an attempt to show that job
experience takes longer to develop than jot skill, The
maximum value of this table is also 2.28. This upper
.limit is set to illustrate the inabilitv of individuals to
experience every facet of their jobs. T™he upper limit of

this table and MXSLT could have been set an any value,
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MXSL.K .

1 -1 1 11
.2 4 .6 8 1.0

NG .K
Fig 3-15 The Maintenance Skill Level Table

1.0

.9

S

.7

.6

MXEXP.K .5
4 _

3

o2 _

1

4 1

1

1T 7 T T 11T 1T 11
.2 .4 .6 08 1.0

MXSL.K

Fig. 3=16 The Maintenance Experience Table
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however, an upper limit in this range seems reasonable.
The equations used to derive MXEXP are listed below:

A MXEXP.K=TABLE(MXEXPT,MXSL.K,0,1,.1)

T MXEXPT=0/.14/.27/.47/.51/.62/.74/.81/.34/ .98
A MXSL,K=TABLE(MXSLT, TNG.K,0,1,.1)
MXSLT=0/.3/.58/.78/.82/.83/.91/ .94/ .96/ .97/ .98
TNG .K=DELAY3(RN.K+TNGF.K,DEL)
TNGF.K=.5+TFFM*SIN(6,28*TIME.K/TFTP)

DEL=8

TFFP=78

Q Q Q » p 3

TFFM=.25
The auxiliary chain which develops the morale
factor is discussed next., The purpose of this chaliln is to
show the effects of the availability of outside jobs (PAOJ)
on the worker, The term morale is used to signify the way
an individual feels about his job, and additionally,
whether he would be willing to leave it for some other
job. In order to account for extraneous inputs which might
affect the worker, a random number from the NOISE function
is added to PAOJ.

The perceived availability of outside jobs (PAOJ)
is set up as a sine function. It has a modulation of ,75
and a period of forty weeks. The modulation was set at
.75 to show the ebb and flow of the job market. The
period was set at forty weeks to show the amount of time

it takes jobs to appear, be filled and appear again.
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PAOJ is used as an input to a third-order
information delay. The variable is delayed over the morale
delay (MORD) of 2.5 weeks. This is the amount of time it
should take a person to notice there are other jobs
available and start an earnest search. The output of this
delay is morale (MORAL).

YMorale is used as an input to the morale table
(MORALT). This table is a combination of two factors,

The first is the individuals perception of available
outside jobs. The second is his willingness to leave his
present job. As Figure 3-17 shows, there is no change in

the morale factor (MCRALF) until morale gets to

1.1

.9

.3

.7

6

MCRALF 5

3
.2

R

.4 .3 1.2 1.6 2.2
MORATL
Fig. 3=17 The Morale Factor Table
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approximately 1.5. It then begins a rapid decrease. This
is intended to show that people will tolerate a great deal,
however, once a limit is reached, morale will deteriorate
rapidly. The equations used to develop the morale factor
are shown below:

MORALF.K=TABLE(MORALT,MCRAL.X,0,2,.2)
MORAL.X=DLINF3(PAOJ.K+RN.X,MORD)

MORD=2.5

PAOJ .,K=1+PAOJFM(SIN(6,.28*TIME.K)/PAOJFP)
PAOJFM=.75

Qa aQ »» Q » P

PAOJFP=40
The value of the quality factor (QF) is obtained
by multiplying maintenance experience by the morale factor.
This is used to show that a happy, experienced worker will
do a better job than one who is unhappy, inexperienced, or
both.
A QF .K=MXEXP.K*MORALF.K

This section has discussed the development of a
quality effect sector. Tlow diagrams and DYNAMO equations
were presented and discussed. The next section will
discuss the routine requisition process sector.
Routine Requisition Process Sector

Process Description

The goal of this sector is to insure that an

adequate number of engines will be available at base level.

To achieve this a link is formed between the base and depot
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inventories. The purpose of this sector is to compensate
the base for the loss of engines due to NRTS actions.
This is done by calculating the pipeline inventory needed
to support base level demands for serviceable engines.
Knowledge of the pipeline quantities allows the
calculation of a safety level quantity. If there are no
major long-term changes, a requisition will be created only
when an engine is declared NRTS.

The tracking of requisitions is required to keep
from double ordering against a single requirement and to

monitor system performance. Once transmitted to the depot

- a requisition will be counted as a backorder on the depots'
i serviceable engine inventory until it is satisfied by a

i shipment from the depot. IFrom this process description a
_: causal-loop diagram can be drawn.

Causal-Loop Diagram of the
Routine Requisition Process

N (RO

Figure 3-18 is a causal-loop diagram of the base
routine requisition process., As the engine demand rate

increases a like increase is seen in the perceived demand

Ty fvﬁﬁ_ .
R e

rate and the daily demand rate. The engine demand rate
also causes an increase in unserviceable engines, Both

unserviceable engines and the perceived demand rate have a

direct impact on the engine repair rate.
The engine repair rate has an inverse relation-

ship with the routine shipments from the depot. As the

81




Ty, T.v

LN A AN St

LBt B S

103035 8839014 uUoT3TsTnbey [aadI-osed oyy jo uweaerq doog-tesne) °gi-¢ °ITd

P P W DN SO

- ajey
SLUN

+ _Y3odaq woad o
squaudTys + A

* ,eurinoy

Jtreday ;
aseq Q
jusdaag o :
ey : (-) ]
aTedsy sautdugy -
+, QUTIUT F 9TqeadTAIag

. - - Ysaapaooey i
qodaq B
asus (-) 4 .

puBwa( sautdu ]
paaAtTavasd 9TqEs92TALSSU]] - suotjisinbay
+ + sutqnoy 3
&4
ajey .“
puewa( arey 5

w:ﬁm:mllllllllllllllumvvzmsmm ATTE

14. v 0 q.n-.s. g g
i A B B A Lalazatale gyt




engine repair rate goes up tﬁe shipments from depot will
go down.

The engine demand rate has a direct relationship
with the daily demand rate. These two variables, while
similar, are not the same., The daily demand rate is a 180

day moving average of the demand for engines. An increase

r*rV*—ﬂ""‘,", e,

in the daily demand rate will cause an increase in routine
requisitions, This increase in routine requisitions
causes a like increase in the number of depot backorders.

As backorders increase the routine shipments from the

30NN A ‘ 0

depot will also increase,

AU A

An increase in routine shipments from the depot

a

will cause an increase in the number of serviceable engines

P

and a decrease in depot backorders. As the serviceable
engines increase the routine requisition will decrease.

An increase in the engine demand rate will also
increase the number of unserviceable engines. This
increase in the unserviceables causes an increase in both
the NRTS rate and the engine repair rate.

As shown in the diagram the major influence in
this sector is the engine demand rate. This demand rate
will impact on routine shipments through the engine repair
rate and the daily demand rate.

From this causal-loop diagram and the process
description a flow diagram of the requisition process can

be developed. This flow diagram will be discussed next.
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The flow diagrams for this sector are shown in
Figures 3-19, 3-20, and 3-21, The diagrams were separated
for ease of reading.‘

Figure 3=19 is the flow diagram for the daily
demand computation. The rate of demand (RDEM) combines

with the computation interval to yield the daily demand

factor (DDF). DDF, a linear array, is used to obtain the
repair cycle quantity (RCQ), NRTS quantity (NQ), and the
order and ship time quantity (0STQ).

";"7 T"' -’

K s . AP
: A el
i AU

A linear array is used to obtain these
quantities in terms of a 180 day moving average. This
format was used because the Air Force uses a 180 day
moving average to compute its required inventory levels.,

Figure 3-20 is the flow diagram for the repair
rate computation. The rate unserviceables return to

service (RURS) combines with the computation interval (DT)

e v,._,.—.Vvi,',, -
. T . . . =" ¢ . e .
D . ot . - . e ) € 4 .

to yield the reparable this station factor (RTSF), a

«

linear array with the same dimensions as DDF. At the same
time, the rate engines are declared NRTS (RNRTS), the
diversion to depot rate (DTDR), and the computation

interval (DT), combine to give the not reparable this

= ’.—: 3 '. M :v"' -,'.v-l'-:f4'. YI .':

station factor (NRTSF), also a linear array with the same
dimensions as DDF. This structure is used to obtain a 180

day moving average of the repair process. RTSF and NRTSF

84




b e LT i B |

o3ey puewsq ATTeq 8y} IoJ weaSeyq moTd °6l-¢ °ITd

(SENIONT) ALIILVAL GWIL dINS ANV YAQHO
(SANIONH) XLILNVAD SLUN

(SENIDNA) AIIINVAD &'[DAD UIVATY
(AVA/SANIDNA) AIVY GNVHHA ATIVA
(JM/SANIONT) SONVHAQ J0 ALVY

YOLOVA UNVWAC XIIVA

(VA8
- ON
- 0oy
Haa
WATH
- ..,_ Q.Q

o8t

¢

PM
\
AV L

LVY¥V HVIANIT
(LsLxL) aaaq

SANIDHT

85

P S A S Sy

e tal A .o

ea m

PR

P




[ Tear et Jaa e

v W

-

—_

R Ve

L aadri s i A Oy

eV a VeV Ny Wi WRTE

aTeday eseg afejusdasd ay) Jo0J weaSeyq moTd *02-¢ *314
O—Hm.% it -
G@\ \\s . IIIII
, \ hES
o~ fo II
ccm._n..\ \ R
\ ;:'; ’
\ ~ ’ L}
\ NS )
\ ¢ ’
~ 4
gl ,, osi p s
©_ ) :
Ia s - t- —
Yo Z 4
uad) - - - - F > Yl = W 1)
-7 AVA | AVa 1 S
saungl -+ AVUYY YVIUNIT AVHYV YVIUNIT I_WEE
(18LXL)  JdSTYUN (t8ixL) aSiy

86

P S . T




RTSF
RURS

RTS
NRTSF
RNRTS
DTDR
NRTS
P3R
RCQ

CsTQ

TABLE 3-5

Variables Appearing in Figure 3-20

REPARABLE THIS STATION FACTOR

RATE AT WHICH UNSERVICEABLES RETURN TO SERVICE
(ENGINES/VWK)

REPARABLE THIS STATION (ENGINES/DAY)

NOT REPARABLE THIS STATION FACTOR

RATE ENGINES DECLARED NRTS (ENGINES/WK)

DIVERSION TO DEPOT RATE (ENGINES/WK)

NOT REPARABLE THIS STATION (ENGINES/DAY)

PERCENTAGE BASE REPAIR

REPAIR CYCLE QUANTITY (ENGINES)

NRTS QUANTITY (ENGINES)

ORDER AND SHIP TIME QUANTITY (ENGINES)
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combine with 180 to yield the variables RTS and NRTS

which combine to yield the percentage base repair (PBR).
PBR is used as an input to repair cycle quantity, NRTS
quantity, and order and ship time gquantity.

Figure 3-21 is the flow diagram for repair cycle
quantities, demand computation, and depot backorders.

The daily demand (DDR) and the percentage base repair
(PBR) combine with the repair cycle time (RCT) to yield
the repair cycle quantity (RCQ). DDR and PBR combine with
the order and ship time (OST) to yield the order and ship
time quantity (0STQ). RCQ, NQ, and OSTQ combine to give
the safety level quantity (SLQ). These quantities are
those which are required to fill the repair and
transportation pipelines and ensure a buffer inventory is
maintained to protect the system from surges in demand at
base level,

The base serviceable stock (BSS) and the safety
level quantity (SLQ) combine to yield the trial
requisition quantity (TRQ). This quantity is used to
represent the decision structure used to place an order
with the depot. It is combined with the actual
requisitions placed with depot (ARQP) to yield the actual
requisitions quantity (ARQ). ARQ when combined with the
computation interval (DT) will give the instantaneous
order rate (IOR).

The instantaneous order rate determines the actual

88
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RCAQ
DDR
P3R
RCT
NQ

’\TT
CsTa
03T
SLOQ
BSS5
SINVE
NAC
T2
ARQP
RARFD

ARQ
IOR
RDD
RTD
DBO
RR3%¥D

DRSRFD

TABLE 3-6

Variables Appearing in Figure 3-21

REPAIR CYCLE QUANTITY (DWGINEsg

DAILY DEMAND RATE (ENGINES/DAY

PERCENTAGE BASE REPAIR

RHPAIR CYCLE TIME (DAYS)

NRTS QUANTITY (ENGINES)

NRTS ASSESSMENT TIME (DAYS)

ORDER AND SHIP TIME QUAMTITY (ENGINES)

ORDER AND SHIP TIME (DAVS)

SATETY LEVEL QUANTITYV (ENGINES)

BASE SERVICEABLE STOCK (ENGINES)

SERVICEABLE INVENTORY OF ENGINES (ENGINES)

NUMBER OF AIRCRAFT (UNITS)

TRIAL REQUISITION QUANTITY (ENGINES)

ACTUAL REQUISITIONS PLACED WITH DEPOT (ORDERS)

RATE OF ARRIVAL OF ROUTINE SHIPMENTS FROM DEPOT
(ENGINES/WK)

ACTUAL REQUISITION QUANTITY (ENGINES)

INSTANTANEOUS ORDER RATE (ENGINES ORDERS/WK)

REQUISITION DELAY TO DEPOT (ORDERS/WK)

REQUISITION TRANSMISSION DELAY (WKS)

DEPOT BACKORDERS (ORDERS)

RATE o§ ROUTINE SHIPMENTS FROM DEPOT (ENGINES/
WK

DESIRED SHIPMENT RATE FROM DEPOT
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requisitions placed with the depot and, in turn, the rate
of arrival of shipments from the depot (RARFD). It also
determines the requisition delay to depot (RDD) via a
third-order delay which yields the level of depot
backorders (DBO) and ultimately the rate of routine
shipments from the depot (RRSFD) as well as the desired
rate of routine shipments from the depot (DRSRFD). This
entire structure is an attempt to capture the decision
process used by managers to decide whether an engine will
be ordered to satisfy a requirement.

From the flow diagram just described DYNAMO
equations are developed. These equations are developed

next,

DYNAMO Equations for the

Routine Requisition Process

The DYNAMO equations for the daily demand rate

are as follows:

FOR I=1,181

L DDF.K(1)=DDF.J(1)+DT*RDEM. JK
N DDF(I)=0.02

A DDR.K=SUMV(DDF.K,2,181)/180
S LDD.K=SHIFTL(DDF.K, .143)

The FOR statement is a fortran insert used to
alert DYNAMO of the presence of an array. In this case,
the arrays will be linear and 181 blocks long. Each block

corresponds to one day.
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The daily demand factor is a level with a change
rate equal to the rate of demand for engines. The daily
demand factor is then summed over its rangz of values and
then divided by 182 to yield the daily demand rate. With
each additional day the SHIPTL function discards the 181st
day and adds the new value to the first spot. This
structure is used to represent the computation of a 189
day moving average for the demand rate.

The base repair rate computation equations are

ags follows:

L RTST.K(1)=RTSF.J(1)+DT*RURS.JK
N RTSF(I)=N.8
A RTS.K=SUMV(RTSF.X,2,181)/180

w2

LRTS.K=SHIFTL(RTSF.K,.143

L NRTSF.K(1)=NRTSF.K(1)+DT(RNRTS.JK+DTDR.JK)
N NRTSF(I)=0.2
A NRTS.X=SUMV(NRTSF.XK,2,181)/189

()]

LNRTS .K=SHIFTL(NRTSF.K, .143)
A PBR.K=RTS.K/(RTS.K+NRTS.K)

These equations are used to capture the moving
average of the reparable and not reparable this station
factor., This is computed in the same fashion as described
for the daily demand rate. Again, 180 days is used
because it corresponds to the length of time over which
the daily demand rate is averaged.

The repair cycle quantities are derived in the
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following equations:

RCQ.K=(DDR.K*PBR.K*RCT)

RCT=14 - IN DAYS
NQ.K=DDR.K*(1=-PBR.K)*NT

NT=8 - IN DAYS
0STQ.XK=DDR.K*(1-PBR.K)*0ST

0ST=6 - IN DAYS
SLQR.K=SQRT(3*(RCQ.K+NCQ.K+0STQ.K) ) *CFACT
CFACT=2.D

Q = Q = Q » Q

The repair cycle quantity (RCQ) is equal to the
daily demand rate times the percentage base repair (PBR)
times the repair cycle time (RCT). This equation is used
to obtain the number of engines in the base repair cycle.
This quantity is used in defiving the safety level
quantity.

The NRTS quantity (NQ) is equal to the daily
demand rate times one minus the percentage base repair
times the NRTS assessment time (NT). The equatioﬁ is
used to determine the quantity of engines being sent to
the depot for repair, This, also, will be used to derive
the safety level quantity.

The order and ship time quantity (0STQ) is
obtained by multiplying the daily demand rate by one minus
the percentage base repair multiplied by the order and
shipment time (OST). This is the quantity which will be

in the transportation pipeline, given a certain daily
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demand. It is also used in the determination of the
safety level quantity.

The safety level is a function of the repair
cycle quantity, NRTS quantity, and order and shipment
quantity. These quantities give the number of engines
which must be on hand to provide a margin of safety
against surges in the use rate of engines.

The base serviceable stock (BSS) is obtained by
taking the maximum of zero and the difference between the
serviceable inventory of engines and the number of
aircraft multiplied by the engine correction factor (ECF).
This formulation is used to derive the number of service=-
able spares on the base, A MAX function is used because
a negative quantity of spares would not be useful for
this model. The equation used to derive base
serviceable stock is listed below,

A BSS.K=MAX(9D, (SINVE.K-NAC*ECF))

The trial requisition quantity is derived in the

following equation:

A TRQ.K=MAX(", (SLQ.K-BSS.K))

Thie formulation is used to avoid ordering a negative
quantity, which would be meaningless.

The level, actual requisitions placed with the
depot (ARQP), is determined by the following equations:

L ARQP.K=ARQP,J+DT*(IOR.JK-RARTD.JK)
N ARQP="

24

: ) A aa el . . —m s ea o rat L L L -t a2 - .a s s a2l alia s - PV S B X




Lk as Jem sad e o 4
Lo BTy ‘ A
e .

N R

This is the number of requisitions which would be placed
based on the order rate and the arrival of shipments from
the depot. This quantity, and the trial requisition
quantity (TRQ), is used to derive the actual requisition
quantity. This is an attempt to capture the decision
structure used when placing orders. Managers will make
a decision on what to order based on the experience with
the arrival rate of shipments and the status of their
inventory. The equation for actual requisition quantity
is shown below.

A ARQ.X=MAX(O, (TRQ.K-ARQP.X))

This quantity is used in determining the
instantaneous order rate. This is used because managers
will base the orders they make upon their knowledge of the
orders which were made previously., The equation for IOR
is listed below.

R IOR.KL=ARQ.K/DT

For the purpose of this model an order placed

with the depot is counted as a backorder until it ie

satisfied. The equations for this string are shown next.

L DBO.K=DBO.J+DT*(RDD.JK-RRSFD,.JK)
N DBO=0

R RDD.KL=DELAY3(IOR.KL,RTD)

C RTD=.1

This structure is used to capture the number of backorders

which will be at the depot. The requisition delay to
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depot (RDD) is a third-order delay of the instantaneous

‘ orler rate over the requisition transmission delay (RTD)

Bn of 7,1 week., This time was used because it is the

length of time needed to place an order with the depot.
This section has presented the routine

‘! requisition process sector., The flow diagrams and system

equations were presented and discussed. The next section

will present the depot repair sector.

Depot Repair Process Sector

Process Description

&? The depot repair sector consists of the following
1. °

- two sub-processes:

1. The movement of unserviceable engines from

base to depot for repair and;

2. The repair of unserviceable engines, return-
ing them to the depot inventory of serviceable engines.

These two processes may experience delays, if the
item manager determines that the depot serviceable stock
is low he may shorten the time an engine will wait before
it goes under repair. Conversely, should the stock of
serviceable engines be high the engine may experience a
delay before going into the repair cycle.
gg%iééiégigggégﬁgggir Process

Figure 3-22 is a causal-loop diagram of the depot

repair process. An increase in the base unserviceable
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engine inventory will increase the shipments of
unserviceable engines to the depot, as will an increase
in the NRTS rate. As shipments to the depot increase,
the depot repair rate will be increased. This increase
in the depot repair rate will cause an increase in the
depot serviceable inventory, which decreases the depot
repair rate.

From the causal-loop diagram just described, a
flow diagram can be drawn. This flow diagram will be
discussed next.

Flow Diagram of the
Depo epair Process

The flow diagram for this sector is shown in
Figure 3-23, The unserviceable inventory of engines
(USINVE) and the maximum base backlog (MBBLOG) combine
to give the excess base maintenance backlog (EBBLOG).
E33LOG is then combined with the computation interval (DT)
to yield the trial diversion to depot rate (TDTDR).

The depot maximum throughput (DMAXTP) and the
rate engines are declared NRTS (RNRTS) are combined to
form the diversion to depot rate limit (DTDRL). This
limit and the trial diversion to depot rate (TDTDR) are
then combined to yield the diversion to depot rate. This
structure is used to show that the diversion to depot rate
will be a function of the workload at base level,

The NRTS rate and the diversion to depot rate
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TABLE 3-7

Variables Appearing in Figure 3-23

T T
e T J . .

EB3LCG - EXCESS BASE MAINTENANCE BACKLOG (ENGINES)
USINVE - UNSERVICEABLE ENGINE INVENTORY (ENGINES)
g MB3LOG - MAXIMUM BASE MAINTENANCE BACKLOG (ENGINES)
- TDTDR - TRIAL DIVERSICN TO DEPOT RATE gENGINES/WKS)
E DTDRL - DIVERSION TO DEPOT RATE LIMIT (ENGINES/WK)
1 DMAXTP - DEPOT MAXIMUM REPAIR THROUGHPUT (ENGINES/WK)
- RYRTS =~ RATE ENGINES DECLARED NRTS (ENGINES/WK)
= DTDR - DIVERSION TO DEPOT RATE (ENGINES/WK)
g DUl - DEPOT UNSERVICEABLE INVENTORY (ENGINES)
- DRR - DEPOT REPAIR RATE (ENGINES/WK)
:‘ DRDFX - DEPOT REPAIR DELAY FACTOR INDEX
g DRDT - DEPOT REPAIR DELAY FACTOR
& DRDTAB - DEPOT REPAIR DELAY TABLE
. IDS - INITIAL DEPOT STOCK (ENGINES)
o DSISS = DEPOT SERVICEABLE INVENTORY SA®ETY STOCX (ENGINES)
Li DRD - DEPOT REPAIR DELAY (WKS)
A DSI - DEPOT SERVICEABLE INVENTORY (ENGINES)
- RRSTD =~ RATE O§ ROUTINE SHIPMENTS FRCM DEPOT (ENGINES/
Ei‘ WK
RPSFD - RATE O§ PRIVURITY SHIPMENTS FRCM DEPOT (ENGINES/
WK

Y p———p—— T
Sty “ew, a v 1ria e IR AN AT
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g are the inputs to the depot unserviceable inventory (DUI)
: level. The depot repair rate (DRR) is the outflow of the
depot unserviceable inventory. This structure shows
engines waiting in an unserviceable inventory prior to
being put into repair. This repair rate is seen as a

third-order delay. It is a function of the depot repair

delay factor (DRDF) and the minimum depot repair delay.
The depot serviceable inventory (DSI) is the
result of the depot repair rate acting upon the depot
unserviceable inventory (DUI). The depot repair delay
factor index is derived from the depot serviceable
3 inventory and the depot serviceable inventory safety
stock (DSISS). The depot repair delay factor index then
combines with the depot repair delay table (DRDTAB) to

yield the depot repair delay factor. This structure is

used to capture the decision process involved in deciding
how soon an engine will be started in maintenance.

From the depot serviceable inventory flows two

separate rates. They are the rate of priority shipments
from the depot (RPSFD), and the rate of routine shipments
from the depot (RRSFD). These will be discussed in the

L B 2o agt 4 ) Scars 3

section on the depot resupply sector.
From the flow diagram just described, DYNAMO
i equations are developed. These equations are presented

; next.

101

YL SN RAC TN . &




DYNAMO Equations for the
Depot Repalr Process

The excess base maintenance backlog is derived

from a maximum function. The function returns zero or
the difference between the unserviceable inventory of
engines and the maximum base maintenance backlog. EBBLOG
is then divided by the computation interval (DT) to yield
the trial diversion to depot rate. The diversion to
depot rate limit is the difference between the depot
maximum throughput (DMAXTP) and the rate engines are
declared NRTS., The diversion to depot rate (DTDR) is
obtained from a FI¥GE macro. This macro returns either
DTDRL or the TDTDR, as appropriate. This formulation is
used to capture the decision structure involved in
sending an engine to the depot. These equations are

listed below.

A EBBLOG .K=MAX(USINVE.K-MBBLOG,0)

C MBBLOG=2

A TDTDR.K=EBBLOG.K/DT

A DTDRL .K=DMAXTP=-RNRTS.JK
& c DMAXTP=.4
t R DTDR.KL=FIFGE(DTDRL.K, TDTDR.K, TDTDR.K, DTDRL.K
¢ c DMAXTP=.,4
& R DTDR .KL=FIFGE(DTDRL.K, TDTDR.X , TDTDR.K , DTDRL.K )
ﬁ% The depot unserviceable inventory (DUI) level
E; equation has a change function of the rate engines are
-

102

. -[ e ryeere
ol a0




I

- T e et

T T e

- > - . .o .’
<l e e

WL, R
- LR

T -‘v..-.nr_vvji
.

Ty . LA A A
) P SN

'-
-

declared NRTS and the diversion to depot rate (DTDR)

minus the depot repair rate. This is an attempt to show
that control of the depot unserviceable inventory is
dependent upon the depot repair rate staying even, or
ahead of the rate engines are coming into the depot, RNRTS
and DTDR. The equations for DUI are listed next.

L DUI.K=DUI,J+DT*(RNRTS.JK+DTDR.JK-DRR.JX)

N DUI="

The depot repair rate (DRR) is a third-order
delay of the sum of the rate engines are declared NRTS and
the diversion to depot rate. The sum is delayed over the
depot repair delay, This is used to show that the depot
repair rate will be based upon the number of engines
coming into the depot for repair.

The depot repair delay is obtained from an
auxiliary chain. The chain starts with the depot repair
delay factor index, This is obtained by dividing the
depot serviceable inventory (DSI) by the depot
serviceable inventory safety stock (DSISS). The depot
repair delay factor index is used as an input to the
depot repair delay table (DRDTAB) to yield the depot
repair delay factor (DRDF). When the depot repair delay
factor is multiplied by the minimum depot repair delay
(MINDRD) of 3.5 weeks, the depot repair delay is
obtained. This formulation is used in an attempt to

capture the decision process involved in putting engines
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through the repair process., As noted earlier, the engine
manager will vary the rate engines go through repair
dependent upon the status of the depot serviceable
inventory. The equations which are used to do this are

shown below,

R DRR.XKL=DELAY3( (RNRTS.JK+DTDR.JK),DRD.K)
A DRDFX .K=DSI.K/DSISS
A DRDF,.K=TABHL(DRDTAB, DRDFX.K,1.1,IDS/DSISS,

(IDS(DSISS)=1.1)

T DRDTAB=1/2.75

C IDS=10

c DSISS=2

A DRD.K=DRDF .K*MINDRD
C MINDRD=3.5

The final equation to be discussed in this section
is the level, depot serviceable inventory (DSI). This
equation has a change rate of the depot repair rate minus
the rate of shipments from the depot, both routine (RRSFD)
and priority (RPSFD). The equation for DSI is listed

below:
L DSI.K=DSI.J+DT*(DRR.JK=-RRSFD.JX-RPSTD.JK)
N DSI=IDS

This section has discussed the depot repair
process, The flow diagram and DYNAMC equations were
presented and discussed. The next section will discuss

the depot resupplyv sector.

104




Lo e S r s ve suat it S S s derr et ek o it ey < AR Badi et it St i et

Depot Resupply Process Sector

Process Description

This sector deals with the link between depot
serviceable and base serviceable inventories., The

resupply of base inventories is performed in two ways.

& A

The first, is routine shipments that arise from day-to-day
operations, The second, is priority shipments. These
priority shipments are used to satisfy mission capable

(MICAP) requirements. The need for these shipments arises

|.|.7ch~‘—.-'v- oy
. . . .

when the routine resupply system does not keep the base

serviceable inventory at a level which will support the

It gl )

flying hour program.
From this process description a causal-loop

diagram can be drawn. This diagram will be discussed next.

ey CR LIRS A oot |
. ‘ AR

Causal-Loop Diagram of the
Depot Resupply Process

Pigure 3-24 is a caushl-loop diagram of the depot

resupply process sector., The resupply of serviceable

AR Dt A A
S e .

engines at the base level is based upon historic usage and
repair patterns, This is intended to be the basis for

3 routine shipments, From time-to-time surges in flying

i activity may cause the serviceable inventory of engines

to be depleted to the point of affecting mission
capability. This situation is commonly referred to as
"Not Mission Capable Supply" (NMCS). The existence of a

MMCS situation will cause the levying of a mission
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capability (MICAP) requirement on the depot serviceable
inventory. Satisfaction of a MICAP requisition is by
priority shipment.

Prom this causal-loop diagram a flow diagram of
the sector was developed. This flow diagram will be
discussed next.

Plow Diagram of the
Depot Resupply pProcess

Tigure 3-25 is a flow diagram of the depot re-
supply sector. ZEngines move from the depot serviceable
inventory (DSI) at the rate of priority shipments from
depot (RPS®D) into the priority shipments in transit
level (PINTRL). From this level, engines move into the
serviceable inventory of engines (SINVE) through a
third-order delay, the rate of arrival of priority ship-
ments from depot (RAPFD).

Engines also move from the depot serviceable
inventory (DSI) at the rate of routine shipments from
depot (RISFD) into the routine shipments in transit level
(RIN?RL). From this level, engines move into the
gerviceable inventory of engines (SINVE) through a
third-order delay, the rate of arrival of routine shipments

from the depot.

This flow diagram is intended to depict the
structure of the transportation network between base and

depot. From this flow diagram, DVYNAMO equations are
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MTL
AUL
NAC
PMR
SINVE
PARFD

ARSI
RARPD
AMR
RURS

AMS
D3I
RPSFD

PINTRL
RAPFD

DELTP
DSTIARP

DSIMRS
DRSRFD
BBO
ALRY
RINTRL
RARTD

DELTR
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TABLE 3-8

Variables Appearing in Figure 3-25

MICAP TYRESHOLD LEVEL (ENGINES)

FLYING HYCOUR PROGRAM (FLY HYR/WK)

ABSOLUTE UTILIZATION LIMIT (FLY HR/AIRCRAFT/WK)

NUMBER OF AIRCRAFT {(UNITS)

POTENTIAL MICAP REQUIREMENTS (ENGINES)

SERVICEARBLE INVENTORY OF ENGINES (ENGINES)

PERCEIVED ARRIVAL RATE OF ROUTINE SHIPMENTS FROM
DEPOT (ENGINES/WK)

RATZ O® ROUTINE SHIPMENTS FROM DEPOT (ENGINES/WK)

ROUTINE ARRIVAL RATE PERCEPTION DELAY (WK3)

ACTUAL MICAP REQUIREMENTS (ENGINES)

RATE AT WHICH UNSZERVICEABLES RETURN TC SERVICE
(ENGINES/WK)

ACTUAL MICAP SHIPMENTS (ENGINES)

DEPOT SZRVICEABLE INVENTORY (ENGINES)

RATE o§ PRIORITY SHIPMENTS FROM DEPOT (ZINGINES/
"."JK

PRIORITY SHIPMENTS IN TRANSIT LEVEL (ENGINES)

RATE OF ARRIVAL O PRIORITY SHIPMENTS FROM DEPOT
(ENGINES/WK)

PRIORITY TRANSPORTATION PIPELINE DELAY (WXS)

DEPOT SERVICEABLE INVENTORY AVAILARLE TO THE
ROUTINE PIPELINE (ENGINES)

DEPOT SERVICEABLE INVENTORY MICAP RESERVE STOCK
(ENGINES)

DESIRE? ROUTINE SHIPMENT RATE FROM DEPOT (ENGINE/
0)4

DEPOT BACKORDERS (ORDERS)

FILL RATE FACTOR (WKS)

ROUTINE IN TRANSIT PIPELINE LEVEL (ENGINES)

RATE OF ARRIVAL OF ROUTINE SHIPMENTS FROM DEPOT
(ENGINES/WK)

ROUTINE TRANSPORTATION DELAY (WKS)
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developed. These equations will be discussed next,

DYNAMO Equations of the

Depot ReSUpply Process

The mission capability threshold limit (MTL) is
determined by a minimum function., MTL is the minimum of
the flving hour program (FHP) divided by 0.7 times the
absolute utilization limit (AUL) or the number of assigned
aircraft,

A MTL.K=MIN(FHP/Q.T*AUL),NAC)

The potential MICAP requirements (PMR) is the
maximum of the MTL minus the priority shipments in
transit level and the serviceable inventory of engines or
zero, A maximum is used to avoid having a negative MICAP
requirement.

A PMR.K=MAX((MTL.X-(PINTRL.K+SINVE.X)),0)

The purpose of these two equations is to capture
the decision structure involved in making MICAP
assessments. This structure is used to show that PMR is
a function of the flying hour program and the number of
assigned aircraft.

The perception of an occurrence is nearly as
important as the actual occurrence. For this reason, the
perceived arrival rate of routine shipments from depot
(PAR™D) is calculated as a third-order information delay
of the rate of arrival of routine shipments from the depot

(RRSFD) over the routine arrival rate perception delaw
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(RARPD) of 1.5 weeks. This value is used in the
derivation of the actual MICAP requirements (AMR). Listed

below are the equations used to derive PARFD and AMR.

A PARFD.K=DLINF3(RRSFD.JK,RARPD)
C RARPD=1,5
A AMR.K=MAX(/PMR.K~RURS.,JK*DELTP-PARFD.K*DELTP),0)

=

AMR=0

The purpose of this string is to show the decision
structure involved in filling MICAP orders. A minimum
function, between actual MICAP requirements (AMR) and

depot serviceable inventory (DSI), is used to avoid
shipping out more engines than the depot possesses.

A AMS . X=MIN(AMR.K,DSI.X)

The rate of priority shipments from depot (RPSFD)
is equal to the actual MICAP shipments divided by the
computation interval (DT). These shipments are the inflow
to the priority in transit level. Engines leave the
priority in transit level at a rate equal to the rate of
arrival of priority shipments from depot (RAPFD). RAPFD
is a third-order delay over one week., This formulation
is used to capture the movement of engines between depot

and base in a priority status. These equations are listed

next.
R RPS¥D,.KL=AMS.K/DT
L PINTRL ,K=PINTRL.J+DT*(RPSFD, JK-RAP*D,JK)

=]

PINTRL=0

111

PRSP DAY Y WP W W




Ot Dan)
.. L el a s
'

R RAPFD.XL=DELAY3(RPSFD.JK,DELTP)
C DELTP=1,9

At the same time as MICAP orders are being filled,

N0 = DO

the routine requisition process is also taking place. This

process begines with the development of a rate of routine
shipments from the depot (RRSFD). The first variable

developed is the depot serviceable inventory available

1 to the routine pipeline (DSIARP). DSIARP is obtained
1 from a maximum function., The function chooses between
{ zero and the depot serviceable inventory minus the depot

gerviceable inventory MICAP reserve minus the actual MICAP

shipments. This formulation avoids negativity and assures
MICAP requirements will be met first. It is an attempt to
indicate that MICAP requirements will be satisfied before
routine requirements.

The desired routine shipments rate from the depot
(DR3R®D) is developed as the level of depot backorders
(D30) divided by the fill rate factor (FLRF) of 0.4
weeks, This is used to show the manager's desire to
gpread the use of inventory over time.

The rate of routine shipments from the depot
{RRSTD) can now be developed using the FIPZT macro. The
macro is developed so as to return the value of DSIARP/DT
or DRSRFD, as appropriate. This formulation is intended
to show that RRSTD is a function of the inventory

available and the number of backorders in the system. The
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equations which yield RRSTD are listed next.

A DSIARP.K=MAX((DSI.X-DSIMRS.K-AM3.X),0)

C DSIMRS=1

A DRSRFD.K=DB0.K/FLRTF

C FLRF=1.4

R RRS#D . KL=FIFGE(DSIARP/DT, DRSRFD, DRSDFD,
DSIARP.X/DT)

The change function for the routine shipments in
transit level (RINTRL) is equal to the rate of routine
shipments from depot minus the rate of arrival of routine
shipments from the depot (RRSFD-RARFD). The equations for
RINTRL are listed here,

L RINTRL .K=RINTRL.J+DT*(RRS*D.JK-RARTD.JX)
N RINTRL=0

The arrival rate of routine shipments from depot
(RARFD) is a third-order delay of RRSFD over the routine
transportation delay (RTD) of one week, This equation is
listed below.

R RARFD.KL=DELAY3(RRS*D.JK,DELTR)
c DELTR=1,"

The purpose of this formulation is to show the
gtructure of the resupply process. It is set up so that
priority requisitions are filled first. Routine
requisitions are filled with the remaining inventory.

This section has presented the depot resupply

sector, The flow diagrams and DYNAMO equations were
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presented and discussed.
sSummary

This chapter has presented the computer model,
developed by Trichlin and Trempe (25:Ch.3), which will be
used to study the engine management system. Although a
complete model was available, the structure of the model
nad to be dissected in order to ensure the model did, in
fact, mirror the system.

The structure of the system was obtained through
interviews with system managers, personal experience and a
literature review, This parameters used in the model
came from the systems standard values for repair and
transportation times found in ATM 400-1,

A complete listing of the causal diagrams can be
found in Appendix A. Appendix B contains the flow
diagrams. Appendix C is a listing of system equations.

Discussed in the next chapter will be the

operation of the computerized model.,
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CHAPTER 4
VALIDATION
Overview

There are several ways to study the impact of
policy changes with a system dynamics model. Changing
parameter values, changing model structure, or varying the
model's input function are three methods. Experimentation
with this model will be performed by varying the input
variable, the flying hour program. Additionally, for the
second experiment some changes in model structure will be
introduced.

Discussed in this chapter are the results obtained
by testing the operation of the model using two different
flying hour programs. The first of these two programs is
a scenario simulation approximately four years of peace-
time operations. As shown in Figure 4-1 the flying hour
program fluctuates mildly, this is intended to represent
changes in the flying hour program which might come about
due to budgetary considerations, politiecs, or a perception
of decreased threat.

Figure 4-1 also shows the other flying hour
program which will be used to test the system. In this
case a wartime scenario is used. This scenario, is as
follows: at the beginning of week 53 a war begins and the
flying hours per week goes from 300 to 900. This is
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Experimental Run 2

*ig. 4-1, TFlying Hour Program for Experiments 1 and 2
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accomplished by stepping the flying hours per week by 600
hours per week., This level, 900 hours per week, is
maintained for a period of four weeks, After four weeks
have passed, the flying hours are decreased by a ramp
function at a rate of 200 hours per week. This is done for
two weeks after which the decrease is slowed to 50 hours
per week until the flying hour program is equal to 250
hours per week, This is the typical scenario for a short,
conventional war in Western Europe found in defense
related literature.

Because the purpose of the model was to observe
the effects of pipeline times on the availability of
engines at base level the following variables will be
concentrated on:

The unserviceable inventory of engines (USINVE).
This quantity should remain at or near zero. In the real
world system engines are rarely kept waiting for repair.

The serviceable inventory of engines (SINVE).
The engines in this system are used on the F-4 aircraft,
a twin engine fighter. The model was developed using a
hypothetical wing of 72 aircraft. This means that 144
engines are required to keep all 72 aircraft serviceable,
For the purpose of this model a serviceable aircraft is
defined as one with two serviceable engines. If the
system is operating "correctly" then SINVE will remain

at some value above 144, The excess of 144 are

117




used as spares.,
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3
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Depot serviceable inventory (DSI) is important
because in the event of surges in the use rate, this
inventory would be used to fill any need for engines which

might be necessary to satisfy the flying hour program. The

value of this inventory should remain above zero.

The rate of demand for engines (RDEM) is an

% IR

indicator of how many engines are being used to perform
the assigned mission. It will be compared with the per-
- ceived weekly demand rate (PWDR) in order to get an idea
of the difference between what managers perceive and what
is actually going on.

In any simulation model there is a certain amount
of time at the beginning of the simulation run which is
needed to allow the system to reach normal operating

conditions. In the case of this model, a moving average

Ty L oty o ang imns g aan 4 4 r Sal i
IR A R . . N
L L R ettt et s Y . P

over 182 days was used to derive several variables., Since
F! 180 days do not pass until after the first 26 weeks, this
N first 26 weeks will be disregarded. Discussion of the
model's output will begin at week 26 or later.
Experimental Run 1

The results of this simulation run, relative to
SINVE and DSI, are shown in Figure 4-2, The vertical axis
- of the graph has a different scale for each variable. As
: the graph shows, SINVE varies only slightly more than DSI.

This would indicate that the system accomodates sudden
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change in the flying hour program very well. A more
detailed discussion of the run is presented in the next

section,

Discussion of

Experimental Run 1

Week 30 to 40. During this time period, the flying hour
program is at 300 hours per week. The unserviceable
inventory of engines is essentially at zero. This is
because managers will not wish to keep unserviceable
engines lying around. These engines will be boxed and
shipped to the depot or put into base level repair
immediately. There is one engine in the under repair
inventory. Ten engines are in the depot serviceable
inventory while two are in the depot unserviceable
inventory. There are 72 serviceable aircraft at base
level,

Also during this period the perceived and actual
total base assets (PTBA, ATBA) are equal at 149,
Week 40 to 50. During this time period, the model is still
in equilibrium, the rate engines are declared NRTS is
showing an increase but this is only from 12.5% to 15.0%.
The depot serviceable inventory (DSI) is also showing a
change, In this case it is decreasing, and there is a
corresponding increase in the routine shipments in transit
level (RINTRL). This indicates engines moving from the

depot to base level in order to satisfy orders from the
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base. The rate of demand for engines (RDEM) is at .74
with the perceived weekly demand rate (PWDR) lagging
behind at .61. This should cause no problems in system
operation as long as PWDR starts to follow RDEM.

Week 50 to 60. At the beginning of week 53, the flying
hour program goes from 300 hours per week to 400 hours per
week, This causes a decrease in the number of base
compressors, The number of serviceable engines also begins
to decrease but is brought back up almost immediately.
This is due to the arrival of shipments from the depot.
The unserviceable inventory of engines also starts to
increase but is pulled back to near zero by an increase in
the rate unserviceables go under repair. During week 55
the rate of demand for engines is at 1.0 while the
perceived weekly demand rate is at .66. This would
indicate that managers will not change their perception of
demand unless changes in use rates appear to be long-term.
By the sixtieth week the system is beginning to show signs
of recovery from the change in the flying hour program.
Week 67 to 70. During this time period, the system
continues its recovery from the step in the flying hour
program. The serviceable inventory of engines is at 148
and remains at that level throughout the period. The NRTS
rates for both engines and compressors show an increase
followed by a decrease, This is due to the effects of the
change in the flying hour program in week 53%.
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Both the rate of routine shipments from the depot
and the arrival of these shipments show an increase then
decrease as the system corrects for the change in the
flying hour program., Perceived demand and actual demand
continue to move closer together and by week 70 are at
.83 and .86 respectively. This indicates that the manager
is readjusting his perception to more closely mirror
reality.

Hdeek 70 to 104. Throughout this period, the system appears
to have fully recovered from the "shock" of the sudden
change in the flying hour program.

deek 105 to 110. At the beginning of week 105, the flying
hour program is decreased to 250 hours per week., As would
be expected the NRTS rate for engines and compressors
drops with the lower flying hour pressure. Also, the
compressor inventory at base level increases, There is a
decrease of one serviceable engine at base level. This
would be explained by an engine moving from base to depot
level repair. Both the routine shipments from depot and
the arrival of those shipments (RRSFD, RARFD) goes to zero
during this time period. This would be expected, since if
the pressure is suddenly decreased, a slackening of most
work would occur. This behavior is also exhibited by the
rate of demand and the engine repair rate. However, the
perception of demand remains at .82, near its previous

level of .85. This is expected since managers will not
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change their perception until evidence indicates a change
in demand is likely to persist.

Week 110 to 120. During this time period, the depot
serviceable inventory goes from 10 to 11 and base
serviceables go from 149 to 148. This change in
serviceable engines can be attributed to usage. The
depot compressor inventory continues to decrease but it
appears to be stabilizing., Both NRTS rates, engines and
compressors, have leveled off and remain constant
throughout the period., The rate of demand remains at .5
throughout this period. The perceived demand rate,
however, drops from .82 at week 110 to .65 at week 120,
Shipments from the depot and their arrival show a change
from zero at week 117. The changes in perceived demand
and the movement of engines between depot and base
indicate that the system has caught up with the change

in the flying hour program.

Week 120 to 156. -During this period, the system has
reached equilibrium, All of the variables remain
relatively constant over the entire period.

Week 157 1o 170. At the beginning of this time period,
the flying hour program increases to 350 hours per week,
The NRTS rates for both engines and compres§ors/begins an
increase, but during the period from week 169" to 170 they
begin to level off. Shipments, and their arrival at base

level, also show a sharp increase and then begin to level
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off between week 160 to week 170. As expected, the rate
of demand leads perceived demand by .70 to .60 at week
165.
Week 170 to 1890. During this period, the system continues
to attempt to correct for the "shock" of an increase in
the flying hour program. The NRTS rate for both engines
and compressors, after a slight increase show a drop.
Both routine shipments and their arrivals show a decrease
during this period.
Jeek 1380 to 279. During the remainder of the run, the
system has recovered from the effects of the change in the
flying hour program., Wwhile there are some changes, the
variables are for the most part stable.
Summary of Experimental Run 1

The model appears to mirror the operation of the
real world system. At no time did the number of
serviceable aircraft fall below seventy two., This is
because there are more spares at base level than required.
If serviceable engines had been set at 144, then over the
period of the run discussed there would never have been
more than 71 serviceable aircraft or less than 77. By
the same token, if four spare engines had been available
no air-craft would have been grounded for lack of an engine.
Veither of these two scenarios accounts for unforeseen
surges in demand or use, It can be safely stated however,

that for this type of scenario five to six spare engines
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would brovide an adequate safety margin for peacetime
operations.

Perceived demand followed changes in actual
demand. This would be expected as managers will be slow
to change perception of demand unless confronted with
evidence that indicated the actual demand change would be
long-term,

The system appears to recover better from a
decrease in the flying hour program than an increase.
This would be true in the real world also, since it is
easier to decrease the work rate than to increase it.

Experimental Run 2 P

In order for the model to simulate a wartime
scenario several changes to model structure were made.
The first was a change in the equation for the flying hour
program (FHP). It became:

A FHP.K=300+STEP(600, 53 )=RAMP(200,57 )+RAMP(150,59 )+
RAMP(50,64)

The second was to change proportion of engines to
depot from a constant to an auxiliary variable., This was
done using the step function:

A PROPD,K=,2+STEP(.8,53)-STEP(.2,57)-STEP(.4,53)~-
STEP(.2,64)

This is used because it is likely that no engines
will be repaired under the high workload which would be
encountered during the early stages of combat, As time

passes, and mobilized reservists begin arriving the
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forward location will be able to start picking up some
of the repair load. As time passes and the flying hour
program decreases, more and more engines will be repaired
at the forward location.

The compressor repair process is handled in
much the same way. However, since only 10 percent of
compressors are repaired at base level, the compressor
repair process is not accepted until week 65, The
following equation is used to represent this process.
A PCPD.K=.9+STEP(.1,53)-STEP(.1,65)

The following changes were also made:

The variable, base engines (BE), was set at 159.
This was done to represent the war reserve material which
would be made available to units engaged in combat
operations.

The minimum depot repair delay was shortened from
3.5 weeks to 1,75 weeks, and, the depot maximum throughput
was increased to .8 engines per week. These numbers were
used to represent the increase in output which will come
about under a contengency situation. They also represent
resource constraints which would not allow for a greater
output, These constraints are mainly due to personnel and
time.

The following changes were made in the routine and
priority pipeline times. The routine pipeline delay was
changed from 1 week to .572 weeks or 4 days. The priority
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pipeline delay was changed from 1 week to .285 weeks or
2 days. This was done to represent the speed up in
transportation expected during a contingency. Priority
shipments of engines would be sent out on the first
aircraft, and routine shipments would go out within
three or four days of an order receipt.

The results of experimental rumn 2, relative to
SINVE, USINVE, DSI, and RINTRL are shown in Figure 4-3,
Of particular note, is the plot for USINVE. This is the
same shape which was related during interviews with a
system manager (15). A detailed discussion of the results
of this run is presented in the next section.

Discussion of
Experimental Run 2

Week 45. There are approximately 153 serviceable engines
at base level, Adding the one engine in maintenance
leaves a total of 154 engines at base level. The depot
possesses 16 engines, 15 of which are serviceable. Actual
demand is at .66 while perceived demand is at .60.

Week 52. The flying hour program is at 370 hours per
week, There are 152 engines at base level, one of these
is in the under repair inventory. This leaves 17 engines
at the depot, 16 of which are serviceable. Actual demand
is at .77 while perceived demand is at .63,

Week 53. The flying hour program has been boosted to 9302

hours per week in an attempt to simulate a wartime
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scenario, The base has 152 engines but two are in the
under repair inventory. This indicates the arrival of an
engine from the depot since the last period. The actual
rate of demand has gone to .80, while the perceived rate
has only increased to ,.64.

Week 55. The actual demand for engines per week is at
2.2 engines per week, while perceived demand is now at
.72, At this time there is beginning to be a buildup of
engines in the unserviceable inventory of engines
(USINVE). There are also 2 engines in under repair
inventory one (URINV1). In this case, URINV1 represents
engines being prepared for shipment to the depot.

Week 56. The demand for engines has started to decrease
and now stands at 2.16. There are 146 serviceable engines
at base level. In the three week period since the "war"
started, this inventory dropped by 6. This indicates
that at least 6 spare engines would be required to support
this type of flying hour program and keep all 72 aircraft
serviceable. Additionally, there should be one or two
engines extra to serve as a safety stock. This is also
the lowest level that SINVE reaches in the fun.

Week 58 to 60. The flying hour program goes from 710
hours per week, at the beginning of this period, to 450
hours per week, at the end of the period, Additionally,
the base is beginning to pick up some of the repair load.

By the end of week 60, the proportion of engines going to
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the depot is at 40%.

Week 61 to 62. As would be expected, perceived demand
has moved ahead of actual demand by .99 to .86. This is
due to the decrease in flying hour pressure. By the end
of week 62, the flying hour program is down to 350 hours
per week.

Week 63 to 70. During this time period, the base
gserviceable inventory of engines increases from 148 to 150,
The backlog of unserviceable engines is decreased to zero.
By the end of week 70, the system has reached equilibrium.
The two exceptions are perceived and actual demand. This
ig due to the managers unwillingness to change his
perception until he is certain the demand change will be
long-term. All other variables are stable.

Summary of Experimental Run 2

This was an experimental run using a hypothetical
flying hour program to simulate a wartime scenario. As
such, it was an extremely one dimensional look at a
wartime environment. The impact of combat conditions
other than an increased flying hour program was not
considered. This point will be discussed in the
recommendations section of the next chapter.

Under the scenario the system functioned and kept
a supply of serviceable engines at base level. A run of
this scenario, with the flying hour program allowed to

continue at 907 hours per week for 3 weeks, returned
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virtually the same results.

In terms of varying the pipeline times, the
results were basically the same as reported here, however,
the variations in inventory between extremes were larger
for longer pipeline times and smaller for shorter times.
This is similar to the behavior Forrester reported for
changes in multi-echelon system delays (5:33).

Chapter Summary

This chapter has presented the results of the
model's operation. Two scenarios were used. In the
first, the flying hour program was varied slightly once
every 52 weeks. The purpose of this run was to test model
behavior relative to the real world system. The operation
of the model was similar.

The second scenario was a hypothetical wartime
flying hour program. Again the model acted in much the
same manner as would be expected from the real world
system,

Output from the two runs presented in this chapter
can be found in Appendix D, for run 1 and Appendix E, for
run 2, The next chapter summarizes the research and
presents conclusions and recommendations for further

study.
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CHAPTER 5
SUMMARY, CONCLUSIONS AND RECOMMENDATIONS

Introduction

The objectives for this research were stated in
chapter one. These objectives are restated below:

1. Identification of the major process of the
engine management system;

2. Analysis of the elements of these processes,
their structure and relationships, and the attributes of
these elements and relationships;

3. Development of a mathematical model which
mirrors the engine management process;

4., Development of a computerized model from the
mathematical and system dynamics models of the sy= tem;

5. To verify the performance of the model and

validate that the model represents the system;

6. To evaluate the model as a policy development

and analysis tool;

7. To identify areas of concern for policy makers

(5:13).
This chapter presents a summary of the research
effort as it pertains to each of these objectives,

Conclusions about the model's performance and the engine

management system in general are presented next. The final

section presents recommendations for future research with
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the model.,
Summary

The first objective of this research was to
identify the major processes of the engine management
system. This was done through personal experience with
the system, interviews with system managers and a
literature review, The major processes of the engine
system were identified as; base repair, depot repair,
base requisition, depot resupply and demand generation.
The satisfaction of the first objective allowed the
research to proceed to the next objective.

The second objective was analysis of the major
processes. This analysis involved defining the structures
of the various processes and what the relationships
between these processes were, Completion of this analysis
allowed the study to proceed to the third objective.

The third objective of the research effort was
the development of a mathematical model which represented
the engine management system. Because of the work done on
the first two objectives an existing model was found which
was close in structure to the engine management system.
This is the model developed by Trichlin and Trempe
(25:Ch.3). This choice is valid because the two systems
are "family systems" as defined by Forrester and Senge.
The structure of the model was checked line for line a-

gainst the structure of the engine system., Several
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changes were made in order to more closely align the
model's structure with the structure of the engine
management system. Satisfying this objective made the
fourth objective relatively easy.

The development of a computerized model was the
fourth objective of this research. Although this step was
made somewhat easier by the decision to use the Trichlin
and Trempe model (25:Ch.3), the structure of the computer
model still had to be checked against the system structure.
Each equation of the program had to be examined and its
inclusion in the model Jjustified. With a computerized
model completed, the fifth objective could be addressed.

The fifth objective of this study was the
verification and validation of the model's performance
relative to the real world system. Using a hypothetical
flying hour program, this was done in experimental run 1.
Achievement of the fifth objective allowed the research
to proceed to objective six.

The evaluation of the model as a policy analysis
and development tool was the sixth objective of the
research. This was accomplished by running a simulation
based on a wartime scenario., The results of this run were
reported in chapter four.

Because of the work done on the first six
objectives some degree of confidence in the model's

structure was gained., This allows conclusions, based upon
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the model's performance, to be presented.

Conclusions

The results of this research indicate that the
engine management system is a goal-oriented, feedback
control system. The goal of this system is to make
serviceable engines available at base level, While this
goal is generally agreed upon, the means to accomplish it
are not.

The goal of this research was to develop a
system dynamics model of the engine management system.
The model which is presented here satisfies this goal to
the extent such a goal can be satisfied. This model can
be used as a tool to assess the implications of current
and proposed policy. This is especially true with regard
to pipeline times and system parameters.

The model performed much as the real world system
does relative to a peacetime scenario. It responded to
the wartime scenario as expected. However, the only
thing which can be stated with any certainty about this
scenario is that it probably would not come about exactly
as planned. The response of the model to changes in the
pipeline times was similar to that reported by Forrester
in his work with multi-echelon systems (5:33).

Because of the iterative nature of simulation
modeling there can be no one final model of a system

(53 25). The mere act of building a model adds insights
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into system behavior which give rise to new questions
about the system. This leads the analyst to studies of
?U other policies within the system modelled. For this

| reason, recommendations for further study with this model
will be presented next.

E! Recommendations for Further Study

Due to the iterative nature of model building,
questions will arise during research which cannot be
?. addressed due to time constraints. These questions can,
however, be passed on to future researchers in the form
of recommendations for further study.

! The Base-=Depot
Interface

The model addresses the interface between one
base and the depot. This is acceptable, since the
transactions which occur between the base and depot are

highly standardized. However, the addition of arrayed

mpp—— r——
Er'Av"'.’ Pﬂ . ' ‘ “

variables to the model would allow the study of

interactions between several bases and the depot. Using

el SR Lk 22 g am o0 sca )
. N e i
. P

this structure, the impact of different use rates at the
various bases could be studied.
: The Engine-Component
L" ~ Interface
P - The model, as presented, raises the relationship
E between only one component and the engine. Since everv
3; engine is made up of many different components the study
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of these relationships would likely be of some interest.
Again, by adding arrays to the model's structure the
interaction between the various components and the engine
could be studied.
Personnel

The model addresses personnel only through the
quality effects sector. The major reason for this was
because the purpose of the model was to study the effects
of pipeline times on the engine system. Personnel,
however, should be included in the model in terms of
experience, the number of personnel available, and a
breakdown of the population in terms of skill. By skill
is meant the skill level classification system used by the
Air Force,

The Choice of
an Engine

zngine
This model used the General Electric J-=79-17 as
the engine in the system. Since it might be more realistic
to study the engine system in terms of the several
components which make up each engine, it might be easier
to use the F-100 engine as the representative engine in
the system. The ease envisioned here would be in terms of
data gathering on use rates,
In summary, this model is a good first step

towards a policy analysis tool for the engine management

system. However, in order to realize its full potential
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?' the model must grow. The recommendations presented in this
E.

2 chapter point out several areas which will allow this model

to be more fully developed as a true policy analysis tool.
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APPENDIX A
CAUSAL-LOOP DIAGRAMS
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DYNAMO SIMULATION PROGRAM LISTING
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ENGINE WANAGEMENT SYSTEM POLICY ANALYSIS HODEL

DEMAND RATE GENERATION SECTOR

RATE OF EFFORT DETERMINATION

SVLAC.K=MIN( (SINVE.K/ECF) ,NAC)

ECF=2

NaC=72

DAU.K=FHF/SVCAC.K

RAUF .K=TABHL(AUFTAB, (DAU.K/AUL?,0,1,.1)
AUFTAB=.1/.1/.2/.3/.84/.5/.6/.7/.78/.83/.83
AUL=23

RAU.K=RAUF .K*AUL
ROE.K=DLINF3(RAU.K+SYCAC.K,1)
MTBDD.K=NORNRN(360,450)

RN.K=NDISE()

MTBDI .K=TABHL(MTITAB,RN.K,=.5,.3,1)
NTITaB=4/12
IMTBD.K=SAMPLE(MTBDD.K,HTBDI.X,560)

DHDIDDDDESDDOGD

MTBD DETERMINATION

HTBD .K=0F .K¢ (SMOOTH(INTBD.K,MTBDSF))
MTRDSF=35

[y I

RDEM DETERHWINATION
K RDEH.KL=ROE.K/MTBD .K

SCVAC SERVICEABLE AIRCRAFT (UNITS)

SINVE - SERVICEABLE INVENTORY OF ENGINES (ENGINES)

NAC - NUMBER OF AIRCRAFT (UNITS)

DAU - DESIRED AIRCRAFT UTILIZATION (FLY HR/UK/AIRCRAFT)
FHP - FLYING HOUR PROGRAM (FLY HR/WK)

RAUF - REALIZED AIRCRAFT UTILIZATION FACTUR

AUFTAB - AIRCRAFT UTILIZATION FACTOR TABLE

AUL - ABSOLUTE UTILIZATION LIMIT (FLY HR/AIRCRAFT/UK)
RAU - REALIZED AIRCRAFT UTILIZATION (FLY HE/AIRCRAFT/UK)
ROE - RATE OF EFFORT (FLY HR/UK)

MTBDD - WI3D DISTRIBUTION (FLY HR)

Rp - RANDONM NUMBER

MTBDI - MTBD INTERYAL (UKS)

MTITAB - MEAN TIME INTERVAL TABLE

IMTBD - INSTANTANEOUS MTBD (FLY HR?

MTBD - MEAN TIME BETWEEN DEMANDS (FLY HR)

OF - QUALITY FACTOR
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NTBDSF - MTBD SMBOTHING FACTOR {(UKS)
RDEM - RATE OF DEMAND (EMGINES/UK)

BASE ENGINE & COMPRESSOR REPAIR PROCESS SECTOR
ENGINE REFAIR FRDCESS

USINVE.K=USINVE.J+DT+ (RDEM. JK-RUSUR. JK-DTDR. JK)
USINVE=0

PDOR.K=DLINF3I(RDEM.JK,UNRD)

UKRD=0.2
RRF1.K=TABHL {RF1TAB, (PDR.K/MAXTP),0,1,.1)
RF1TAB=.5/.5/.53/.58/.65/.73/.62/.91/.97/.98/1.0
RRF2.K=TABHL(RF2TAB,RAUF .K,0,.7,.1)
RF2TAB=.5/.5/.5/.52/.64/.88/.99/1.0

DRUSUR .K=MAX (RRF1.K«MAXTF ,RRF2.K&MAXTP)
RUSUR.KL=FIFGE(USINVE.K/DT,DRUSUR.K,DRUSUR.K,USINVE.K/DT}
NAXTP=2.0

URINVI . K=URINV1,J+DBT+(RUSUR.JK-RNRTS.JK-EDR.JK)
URINVI=0

RNRTS.KL=DELAY3(PROPD+RUSUR.JK,DELA)

PROPD=0.2

DELA=1.1

EDR.KL=DELAY3( (1-PROPD) +RUSUR . JK,EDD)

EDD=0.28

URINV2.K=URINV2.,J+DT+(EDR.IJK-ERR. IK)

URINVZ=0

RREF3X.K=EBR.JK/ ({1 -FROFD) tHAXTF?
RRF3.K=TABHL(RF3TAB,RRF3X.K,0,1,.1)
RF3ITAB=.625/.625/.635/.66/.71/.77/.837.88/.95/.99/1.0

THE MINIMUM VALUE OF THE ABOVE TABLE IS RELATED TO

THE MINIMUM VALUE OF THE TABLE FOR RRF1 AS FOLLOWS
«625=RRF1 (NIN)/(1-PROFD)

DERR.K=RRF3.Kx(1-FROPD) +HAXTF
TERR.K=FIFGE(URINV2Z.K/LT,DERR.K.DERR.K,URINV2.K/BT)
CPCRL.K=BSCFI.K/BT
ERRL.K=FIFGE(CPCAL.K/CFGF,TERR.K,TERR.K,CFCRL.K/CFGF)
ERR.KL=ERRL.K

ERR=0

URINVILK=URINV3.J+DT#(ERR.JK-RURS. JK)

URINV3=0

RURS.KL=DELAY3{ERR.JK,ERD)

ERD=2

SINVE . K=SINVE.J+DT#{RURS, JK+RARFD . JR+RAPFD. JK-RIEM. JK)
SINVE=FRE

BE=151
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USINVE - UNSERVICEABLE ENGINE INVENTORY (ENGINES)
RDEM - RATE OF DEMAND (ENGINES/UK)

DTIDR - DIVERSION TO DEPOT RATE (EMBINES/WK)

PDR - PERCEIVED DEMAND RATE (ENGINES/UK)

UMRD - UNIT MAINTENANCE RESPFONSE DELAY (UWKS)

RRF1 - REPAIR RATE FACTOR 1

RF1TAB - REFARIR RATE FACTOR 1 TABLE

RRF2 - REFAIR RATE FACTOR 2

RF2TAB - REFAIR RATE FACTOR 2 TABLE

RAUF - REALIZED AIRCRAFT UTILIZATION FACTOR

DRUSUR - DBESIRED RATE UNSERVICEABLES 50 UNDER REFAIR
(ENGINES/UK)

RUSUR - RATE UNSERVICEABLES 60 UNDER REPAIR (ENGINES/WK)
HAXTF - MAXINUM THROUGHFUT (ENGINES/UK)

URINV1 - UNDER REFAIR INVENTORY 1 (ENGINES)

RNRTS - RATE ENGINES DECLARED NRTS (ENGINES/UK)
PROFD - PROPGRTION OF ENGINES TO DEPOT

DELA - DELAY FOR NRTS ASSESSMENT (UKS)

EDR - ENGIME DBIAGNOSIS RATE (ENGINES/UK)

EDD - ENGINE DIAGHGSIS DELAY (UKS)

URINV2 - UNDER REPAIR INVENTORY 2 (ENGINES AVALTING
COMPRESSORS)

RRF3X - REPAIR RATE FACTOR 3 INDEX

RRF3 - REPAIR RATE FACTOR 3

RF3TAB - REPAIR RATE FACTOR 3 TABLE

BERR - DESIRED ENGINE REPAIR RATE (ENSINES/WK)

TERR - TRIAL ENGINE REPAIR RATE (ENGINES/UK)

CPCRL - COMPRESSOR CONSUMPTION RATE LIMIT (COMPRESSDRS/WK)
ERRL - ENGINE REPAIR RATE LIMIT (ENGINES/UK)

ERR - ENGINE REPAIR RATE (ENGINES/UK)

URINV3 - UNDER REPAIR INVENTORY 3 (EMGINES)

RURS - RATE AT WHICH UNSERVICEABLES PETURH TO SERVICE
(ENGIMNES/UK)

ERD - ENGIME REPAIR DELAY (WKS)

SIHVE - SERVICEABLE INVENTORY OF ENGIMES (ENGINES)
{ENGINES/UK)

(ENGIHES/WK)

BE - BASE ENGINE INVENTORY (ENGINES)
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QUALITY EFFECTS SECTOR

OF K=HXEXP .K:*=MORALF K
MXEXP.K=TABLE(MXEXPT,MXSL.K,0,1,.1)
MXEXPT=0/.14/.27/.40/.51/ .62/ .74/ .81/.89/.94/ .98
MXSL.K=TABLE(MXSLT,TNG.K,0,1,.1)
MXSLT=0/.3/.58/.72/.8/.88/.9/.94/.96/.97/.98
TNG.K=DELAY3I(RN.K+TNGF .K,DEL)

TNGF ,K=,5+TFFM*SINC6 . 284TIME . K/TFFP)

DEL=8

TFFP=78

TFFH=.23

MORALF . K=TABLE (HORALT,MORAL.K,0,2,.2)
MORALT=1/1/1/1/1/71/1/.%9/.95/.80/.0001
MORAL .K=DLINF3I((FAOJ.K+RN.K),MORD)

MORD=2.5
FAOJ.K=1+PAOJFM* (SIN((6.28+TIME.K)/PAOJFP))
PAGJFN=.73

FAQJFP=40

QF - QUALITY FACTOR

MXEXP - HAINTENANCE EXFERIENCE

HXEXPT - MAINTENANCE EXPERIENCE TABLE

MXSL - MAINTENANCE SKILL LEVEL

MXSLT - MAINTENANCE SKILL LEVEL TABLE

TNG - TRAINING

THGF - TRAINING FACTOR

DEL - TRAINING DELAY

TFFP - TRAINING FACTOR FREQUENCY FERIOD

TFFM - TRAINING FACTOR FREQUENCY MODULATION
MORALF - MORALE FACTOR

MORALT - MORALE FACOTR TABLE

MORAL - MORALE

PAOJ - PERCEIVED AVAILABILITY OF OUTSIDE JOBS
MORD - MORALE DELAY

PAOJFN - PERCEIVED AVAILABILITY OF OUTSIDE JOBS
FREQUENCY MODULATION

PAOJFP - PERCEIVED AVAILABILITY OF OUTSIDE JOBS
FREQUENCY PERIOD
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COMPRESSOR REPAIR PROCEES

RCPR.KL=EDR . JK+CPGF

CPGF=.40

USCPI.K=USCPI.J+OT+{RCLPR.JK-RCFUR.JIK)

USCFI=90

CPRFX.K=RCPR.JK/NTFCP
HIPCP=3

UCFRF .K=TABHL (CFRFT,CPRFX.K,0.1,.1)
CFRFY=.5/.5/.53/.58/.85/.73/.82/.91/.97/.98/1.0
CPRRF.K=FIFZE(DCPRF.K,1,TERR.K-ERRL.K)
RCPUR.KL=FIFGE(USCPI.K/DT,CFRRF.K&«MTPCP,CPRRF.K«MTFCP,
USCPI.K/LT)

BUC?I.K=BUCPI.J+DT+{RCPUR.JK-BCPRR. JK-HCFR.JK)
BUCFI=0

NCPR.KL=DELAY3(PCFD+RCPUR.JK,NCFD)

PCFLI=0,9

NCPD=0.5

DCFI.K=DCPI.J+DT+(NCPR, JK~DCPRR.JK)

BCPI=0

DCPRR.KL=DELAY3(NCPR.JK,DCPRD)

DCPRD=§

BCPRR.KL=BELAY3( (1-PCPL)+*RCPUR .JK,BCFRD)
BCPRD=2
BSCPI.K=BSCPI.J+DT#(BCPRR.JK+DCPRR. JK~-CFLR.JK)
BSCPI=BCP

BCF=3

CPCR.KL=ERRL.K*CPGF

RCFR - REFAIRABLE COMPRESSOR RATE (COMPRESSIR/UK)

CPGF - COMPRESSOR GENERATION FACTOR (COMPRESSORS./ENBINE)
USCPI - UNSERYICEABLE COMFRESSOR INVENTORY (COMPRESSORS)
CPRFX - COMPRESSOR REPAIR FACTOR INDEX

WTPCP - MAXINUM THROUGHPUT OF COMPRESSURS (COMFRESSORS/UK)
DCPRF - DESIRED COMPRESSOR REPAIR FACTOR

CPRFT - COMPRESSOR REPAIR FACTOR TABLE

CFRRF - COMFRESSOR REFAIR RATE FACTOR

RCPUR - RATE COMPRESSORS G0 UNDER REFAIR (COMFRESSORS/UK)
BUCPI - BASE UNSERVICEABLE COMFRESSOR INVENTORY (CORPRESSURS)
NCFR - RATE COMPRESSORS DECLARED wRIS (COMPRESSORS/UK)

FCPD - PROFORTION OF COMPRESSORS TO DEPOT

NCFD - NRTS COMFRESSOR ASSESSMENT DELAY (UKS)

DCPI - DEPOT COMPRESSOR INVENTORY (COMPRESSORS)

DCPRR - DEPQT CONPRESSOR REFAIR RATE (COMFREELIRS.UK)

DCPRD - DEFQT CUMFRESSGR REFAIR DELAY {WKS)

BCPRR - BASE COrFRESSOR REFAIR RATE (CCHMPRESIURSAUWK)

BOFRD - TA32 COAPRIS3OR REFAlR UELAY (RKS)

ESCPI - GASE SERYICEABLE COMPRESSOR INVENTORY (CONFRESSORS)
BCP - BASE COMFRESSOR STOCK (COMPRESSURS)

CPCR - COMPRESSOR CONSUMFTION RATE (COMPRESSORS./G'O
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ROUTINE REQUISITION PROCESS SECTOR

ENGINE DAILY DEMAND RATE COMFUTATION

I=1,181

DDF .K(1)=DDF . JOT)+BTeRIEM. JK
BbF()=0.02

BIR . K=SUN(DDF.K,2,181) /180
LDD.{=3HIFTL(DDF.K,.,.143)

DhF - DAILY BERAND FACTOR

RDEM - RATE OF DEHAND (ENGINES/VK)

DOR - DAILY DEMAND RATE (ENGIRES/DAY)

LDD - DAILY DEHAND FACTOR ARRAY SHIFT DUMMY VARIABLE

BASE REPAIR RATE COMPUTATION

RTSF.K(1)=RTSF.J(1)+DT+RURS. K

RTSF(I)=0.8

RT5.¥=53UMV(RTSF.K,2,181)/180
LRTS.K=SHIFTL(RTSF.K, .143)
NRTSF.K(1)=NRTSF.J(1)+(DT+(RNRTS.JK+DTDR.JK))
NRTSF(I)=0.2

NRTS.K=SUMV(NRTSF.X,2,181)/180
LNRTS.K=SHIFTL(NRTSF.K, .143)
PBR.K=RTS.K/(RTS.K¢tNRTS.K)

RTSF - REPARABLE THIS STATION FACTOR

RUFS - RATE AT UYHICH UNSERVICEABLES RETURN TO SERVICE
(ENGINES/UK)

RTS - REPARABLE THIS STATION (ENGINES/GAY?

LRTS - RTS FACTOR ARRAY SHIFT DUMMY YARIAELE
HRTSF - NOT REFARABLE THIS STATIOM FACTOR

RNRTS - RATE ENGINES DECLARED NRTS (ENGINES/UK)
DTDR - DIVERSION TO DEPOT RATE (ENGINES/WK)
NRTS - NOT REPARABLE THIS STATIDN (ENGINES/DAY)
LHRTS - NRTS FACTOR ARRAY SHIFT DUMMY YARIABLE
FBR - PERCERTAGE BASE REFAIR

REFAIR CYCLE BUAMTITIES

AR CUI G ReFBRGIERCT)

RET=14 - I DATS
NR.A=LORE#CT-FRE.K) ENT

HIEE - IN DAYS
CSrU.K=JDRJKi (1 -PBR.K)€UST

05r=6.0 =~ IN DuYs
SLO.E=SART(I+(RCU.K+NQ.K+USTA.K))*CFACT
CFACT=2.0
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RCQ - REPAIR CYCLE QUANTITY {(ENGINES)

DR - DAILY DEMAND RATE (ENGINES/DAY)

FBR - PERCENTAGE BASE REPAIR

RCT - REPAIR CYCLE TIME (DAYS)

NG - NRTS QUANTITY (ENGINES)

NT - NRTS ASSESSHENT TIME (DAYS)

0STG - ORDER AND SHIF TIME QUANTITY (ENGINES)
0ST - ORDER AND SHIP TIME (DAYS)

SLO - SAFETY LEVEL RUANTITY (ENGINES)

CFACY - C-FACTOR

ORDER CONFUTATION

ESS .. K=H#AX(0, (SINVE.X-NAC*ECF))
TRG.K=HAX(0, (SLO.K-BS5.K))
ARQP.K=ARGP.J+DT *(IJR. JK-RARFD.JK)
ARGF=0

ARD.K=HAX(Q, (TRA.K-ARAF.K))
IOR.&EL=ARR.K/DT

BSS - BASE SERVICEABLE STOCK (ENGINES)

SINVE - SERVICEABLE INVENTORY OF ENGIMES (ENGINES)

NAC - NUMBER OF AIRCRAFT (UNITS)

TRQ - TRIAL REQUISITION QUANTITY (ENGINES)
SLG - SAFETY LEVEL QUANTITY (ENGINES)

ARGE - ACTUAL REQUISITIONS PLACED WITH DEFOT (ORDERS)
RARFD - RATE OF ARRIVAL OF ROUTINE SHIPMENTS FROM DEFOT
(ENGIRES/UK)

ARG - ACTUAL REQUISITION QUANTITY (ENGINES)

I0R - INSTANTANEOUS ORDER RATE (ENGINE ORDER3/UK)

BACKORDER ACCUMULATION

ROD.KL=DELAY3(IOR.JK,RTD)

RTD=.1

DBO.K=DB0.J+DT* (RDD.JK-RRSFD.JK)
DBO=0

FDD - REQUISITION DELAY TOQ BEFGT (ORDERS/UK)

I0R - INSTANTANEOUS ORDER RATE (ENGINE ORDERS/WK)

RTD - REQUISITION TRANSMISSION UELAY (UKS)

B0 - DEFCT BACi ORDERS (ORDERS)

FRSFD - RATE OF ROUTINE SHIFMENTS FROM DEPOT (ENUGINES/UR)
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DEFOT REFAIR SECTOR

EBELOG. H=AAX (USINVE, {-MBRLES,0)

HRELGOG=2 (RaXTP+adG DEPOT TAT OF 6.5 WKS)
TDTOR.K=EBSLOG.K/DT .
DTHRL.K=DHAXTF-RHRTS . JK

DHaxXTF=.4 (2+FROFD:+HAXTP)
DTDR.KL=FIFGE(DTDRL.K,TDTDR.K,TDTOR.K,DIDRL.K)
DUI.K=DUL.J+DT+(RNRTS.JK+DTDR.JK-DRR.JK)

Bul=0

DRR.KL=DELAY3((RNRTS.JK+DTDR.JK),DRD.K)
DRIFX.K=DSI.K/DSISS

DRDF .K=TARHL (OROTAR,DRIFX.K,1.1,IDS/D51ISE, (INS/BSIBE)-1.1}
BRDTAB=1/2.73

I08=1¢

[51585=2 (24DSIMRS)

DRD.K=DRLF .K+NINLRD

HINORD=3.3

08 {.1{=081. S+ D74 (DRR . JK-RRSFD. JK~RFSFD.JK)
BSI=IDS

EBBLO6 - EXCESS BASE MAINTENANCE BACKLOG (ENGINES)

USINVE - UNSERVICEABLE ENGINE INVENTORY (ENGINES)

MBBLOG - MAXINUM BASE HAINTENANCE BACKLOG (ENGINES)

TDTDR - TRIAL DIVERSION TO DEPOT RATE (ENGINES/UK)

DTDRL - DIVERSION TO DEPOT RATE LINIT (ENGINES/VK)

DMAXTF - DEPOT MAXINUM REPAIR THROUGHPUT (ENGINES/UK)
RNRTS - RATE ENGIWHES DECLARED NRTS (ENGINES/UK)

DTDR - DIVERSION TO DEPOT RATE (ENGINES/UK)

DUI - DEPOT UMSERVICEABLE INVENTORY (ENGINHES)

DRR - DEPOT REFAIR RATE {(THEINES/WH)

DRIFX - DEFOT REPAIR DzLAV FACTOR THDEX

uROF - DEPGT REPAIR DELAY FACIUR

ODRUTAE - DEPOT REFAIR DELAY TABLE

f05 - INITIAL DEFOT STOCK (ENGINES) ,

DSISS - DEPOT SERVICEABLE INVENTORY SAFETY STOCK (ENGINES)
DRD - DEPOT REFAIR DELAY (UKS)

MINDRD - MINIMUM DEPOGT REF&IR EHEALY (UKS)

DSI - DEFOT SERVICEABLE IAVENTORY (EMGINES:

RRSFD - RATz OF ROUTINE SAIFPAENTE FROM DEFCY (EMGLIES/UK)
RESFD - RATE 0F FRIURITY SHIPMENTS FROM DEFOT (ENGIMES/UK)
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DEFQT RESUFPLY SECTOR
MICAF LETERMINATION AND DEPOT RESFONSE

HTL.K=MINCFHF/(0.7%AUL) ,HAC)

FHR K=MAX ((MTL.K-(PINTRL .K+SINVE.K)),0)
PARFD.K=DLINF3(RRSFD.JK,RARFD)

RARPD=1.5

ANR K=MAX( (PMR .K-RURS . JK«DELTP-PARFD.K¢DELTF) ,0)
ANR=0

ANS .K=MINCANR.K,DS1.K)

RPSFD.KL=ANS.K/DT

PINTRL .K=PINTRL.J+DT+(RPSFD.JK~-RAFFD.JK)
PINTRL=0

RAPFD.KL=DELAYJI(RPSFD.JK,DELTF)
DELTF=1.0

MICAP THRESHOLD LEVE (ENGINES)

FLYING HOUR PROGRAM (FLY HR/UK3

ARSOLUTE UTILIZATION LINIT (FLY MR/AIRCRAFT/UK)
ENGIME CORRECTION FACTIR (EWGS/AIRCRAFT)

NAC - NUMBER 3F AIRCRAFT (UNITS)

FHR - POTENTIAL MICAF REGUIREMENTS (ENGINES)

SINVE - SERVICEABLE INVENTORY OF ENGINES (ENGINES)

PARFD - PERCEIVED ARRIVAL RATE ROUTINE SHIFMENTS FROM DEFOT
{ENGINES/UK)

RRSFD - RATE OF ROUTINE SHIFMENTS FROM DEFOT (EMGINES/UK)
RARED - ROUTIME ARRIVAL RATE PERCEFTION DELAY (UKS)

AR - ACTUAL MICAP REQUIRENENTS (ENGINES)

RYURS - RATE AT UHICH UNSERVICEABLES RETURN TO SERVICE
(ENGINES/UK)

AMS - ACTUAL MICAP SHIPMENTS (ENGINES)

DSI - DEPOT SERVICEABLE INVENTORY (ENGINES)

RFSFD - RATE OF PRIORITY SHIFMENTS FROM DEPOT (ENGINES/UK)
PINTRL - PRIORITY SHIPMENTS INTRANSIT LEVEL (ENGINES)
RAFFD - RATE OF ARRIVAL OF PRIORITY SHIFPMENTS FRON DEFOT
(ENGINES/UX)

DELTP - PRIORITY TRANSPORTATION FIFELINE DELAY  (UKS)

TL
FHP
AuL
ECF

ROUTINE REQUISITIONS RESFONSE

BSIARF .K=HAX (DS L. K-DSIARS-AMS.K),0)

DEIMRS=1

DRSRFD.H=DB0.K/FLRY

FLRF=0.4

RSP RLaF I SE (LS LHP WK B 0 PRUAN T WK G URSRFD LK, DSIARF (K/DT
SLUTAL K RIWTRL. J+DTH(RRSFD.JK-RARFD.JK)

RINTRL=0

FakFD.KL=BELAYI(RRSFD.JK,DELTR)
DELTR=1.0
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DSIARF - DEPOT SERVICEABLE INVENTORY AVAILABLE TO THE ROUTINE
FPIFELINE (ENGIRES)

DSI - DEPOT SERVICEABLE IMVEHTORY (ENGINES?

AMS - ACTUAL MICAP SHIPMENTS (ENGINES)

DSISRS - [EFOT SERVICEABLE INVENTORY MICAP RESERVE STOCK
(ENGINTS)

URSRFD - DESIRED ROUTIME SHIPMENT RATE FROM DEFOT (ENGINES/WK)
DBO - DEPOT BACK ORDERS (ORDERS)

FLRF - FILL RATE FACTOR (UKS)

RRSFD - RATE OF RGUTINE SHIPMENTS FROM DEPOT (ENGINES/UK)
RINTRL - ROUTINE INTRANSIT PIPELINE LEVEL (ENGINES)

RARFD - RATE OF ARRIVAL OF ROUTINE SHIPMENTS FROM DEFOT
(ENGINES/UK)

DELTR - ROUTINE TRANSPORTATION DELAY (UWKS)

SUFPLEMENTARIES

ATBA K=SINVE .X+USTHVE. HeURINVI JX+URINV2 LK+URINVI K+
RINTRL.K+FINTRL.K

FTBA.K=(NAC+ECF)+BSS.K+RCO.K+NQ. K+OSTAK+AREP . K+FIHNTRL.LK

PUDR .K=DDR.K*7

TRTD.K=(RNRTS.JK+DTIR.JK)

BMXU . K=USINVE . K+URINVI+URINV2+URINVI

ATEA - ACTUAL TOTAL BASE ASSETS (ENGINES)

PTBA - PERCEIVED TOTAL BASE ASSETS (ENGINES)

PUDR - PERCEIVED WEEKLY DEMAND RATE (ENGINES/WK)

TRTD - TOTAL RATE AT UHICH UNSERVICEABLES ARE SENT TO DEFOT
(ENGINES/UK)

BHXU - BASE MAINTENANCE YORKLOAD (ENGINES)
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‘ LOT
& PLOT
- PLOT
[ FLOT
f‘ PLOT
s PLOT
SPEC

RUN

T T Y Ty
. f .

~ . ® Dl

FHF X=300+85T2P (100,330 -3TEF {100,103 +8TEF <100, 157)

LIRECTIDNS
PRINT TIUSINVE,URINVT,URINVIURINVE,SINVE,USCPI,BUCPI,DCPI,B5CF] AROF/

2)150,DUI,051,PINTRL,RINTRL/
3)RDEM,RUSUR,RNRT3,EDR,ERR,RURS,RCFR,RCFUR, NCFR, DCFRR, BCPRR/
4)CPCH,IOR,RDD,DTDR,DRR.RPSFD,.RAPFD,RRSFD,RARFD/
5)SYCAC,ROE,MTBI,FOR,RRF1,RRF2,DRUSUR, RRF3X .RRF3,DERR, TERR/
4)CPCRL,ERRL,CPRFX,DCPRF ,CFRRF,QF ,DDR,RTS,NRTS,PER,RCQ,NG,0STQ/
7)5L0,BSS,TRO,ARQ,EBBLOG, TDTDR, DTDRL ,DRDFX, DRDF ,DRD ,MTL ,PRR,FHP/
8)FARFD,AMR,ANS,DSIARF,DRSRFD/

9)ATBA,PTBA,PUDR, TRTD, BNXU/
USINVE/SINVE/DCFI/BSCFI/DSI/RDEM/RNRTS/NCPR/DTDR/FHP
USINVE/SINVE/DUI/USCPI/DBBO/RUSUR/EDR/ERR/SVCAL/FHP
PINTRL/RINTRL/RPSFL/RAFFD/RRSFD/RARFI/BVLAL/RRFIA/RRFI/QF
ARGF/RDEH/EDR/ERR/RCPR/RCFUR/DCFRR/BCPRR/CPLR
FER/RCA/NG/0STA/PRDF/LGRL/DRDFX/BBS/S5LU

VIA/FTBA/PUDR/TRTD/BUXY

R
f

DT=.05/LEN6TH=200/PLTPER=1/PRTPER=1
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APPENDIX D
RESULTS FOR EXPERIMENTAL RUN 1
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FHP=1 SINVE=2 NRTS=3 NCPR=4 USINVE=S DSI=6 RINTRL=7
BSCPI=8 DCFI=9
250.000 300.000 350.000 400.000 450.000 1
146.000 147.500 149.000 150.500 152,000 2
0.000 100 .200 .300 .400 34
0.000 5.000 10.000 15.000 20.000 S8
0.000 .100 .200 .300 .400 7
0.000 2,000 4.000 6.000 8.000 89
0.04 = = = = = - - 1m mm - - 3---8--=--2--=-,4579,36
5 1 36 4 2 . . 579,48
5 9 1 32 8 .4 . 26,57
s 9 1 23 48 s, . 57
5 9 1 23 6 4 . . 57,68
5 9 1 32 864 . . 57
5 9 1 32 84 . . 44,57
5 9 1 32 846 . . 52
5 9 1 32 84.6 . . 57
5 9 1 32 84.6 . . 57
10,05 = = = =9= = 4= - 32- = - B 46- - - = - - - m - .57
S 9 12 8 .4 . . 23,46,57
5 9 1 2 8 .46 . . 23,57
5 9 12 8 .46 . . 57
5 9 13 B 46 . . 12,57
s 7 9 21 8 4 6 . . 13
S 9 231 7 8 4. b . .
5 9 321 7 48 . 4 . .
5 93 1t 7 48,6 . .12
5 93 1 7 48.6 . . 12
20,05 - -~ - 93~ - 12 --7 -4-8 , b~ == - - - - .
5 3 12 74 8.6 . . 39
5 39 12 4 8.6 . . 47
5 39 12 74 8. 6 . .
s 39 12 4 8.6 . .4
5 3 9 1 2 74 8.6 . .
s 3 9 1 2 74 B.6 . .
53 97 1 2 4 8.6 . .
s 3 79 1 2 4 8.6 . .
S 3 9 7 12 4 8.6 .
30,05 -3= =9- - = =1=2= = = =4 <8, b = - - = - - R C17
s 3 9 127 4 8.4 . .
s 3 9 ta2 7 4 8.6 . .
s 1 9 127 4 8.4 . .
S 3 9 12 4 8.6 . . 27
s 3 9 12 4 8.6 . .17
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